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CHAPTER 1 
INTRODUCTION 
2 Chapter 1 
Gel/eral aspects of gasexchal/ge, 
A main function of the lungs is to establish gas exchange between body tissues and the 
surrounding air. O2 is taken up and CO2 is eliminated. 
This process of gas exchange can be subdivided into three stages: 
1. Ventilatiol/, which is the mechanism by which the alveolar gas is intermittently 
refreshed with ambient air. As a result 02 concentration in the alveolar gas is kept 
high and CO2 concentration low. 
2. Alveolar-capillmy diffusiol/, which is the passage of gases across the blood-gas 
barrier by passive diffusion. 
3. Pe/fllsiol/, which involves the distribution of blood in the lungs and the removal 
from the lungs by the blood circulation process. 
The studies presented in this thesis are concerned with the characteristics of the alveolar to 
capillary diffusion, the second stage in the classification above. An aim was to develop, 
adapt and evaluate methods to study the characteristics of this diffusion process in 
patients. 
A diffusion process in Oile medium by which molecules are transferred from a place with 
a high concentration to a place with a low concentration is governed by Fick's law: 
01/ ~ -AK OC (1.1) 
8t ad 
where: n = number of mols 
= time in s 
A = surface area in m1 
K = diffusion coefficient in m2.s~1 
C = concentration in mol.nr3 
d = distance in m 
In the lungs diffusion occurs between a gas and a liquid phase. The concentration in a 
liquid is a function of the solubility of the gas in the liquid and the pressure of the gas, 
since the quantity of dissolved gas is proportional to the pressure (Henry's law): 
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c ~ aP 
where: Oi = Bunsens solubility coefficient in mol.m-3 .kPa-1 
P = pressure of the gas in kPa 
Substitution of eq. 1.2 in eq. 1.1 gives: 
011 ~ -AKa OP 
Bt 3d 
3 
(1.2) 
(1.3) 
Because we do not know the pressure gradient at each distance in the gas-blood barrier the 
differential quotient "PlOd has been replaced by the total pressure difference divided by 
the total diffusion distance d. Then, we rewrite eq. 1.3 to: 
011 ~ -AKa (P1-P;,! 
Sf d 
where: = the gas tension at one side of the gas-blood barrier 
P2 = the gas tension at the other side. 
In the lung the O2 transport across the gas-blood barrier per unit of time, Vo " is: , 
where: = alveolar Po in kPa , 
= capillary Pain kPa , 
= diffusing capacity for 0, 
(1.4) 
(1.5) 
The diffusion coefficient K depends on the mobility of gas molucules, and therefore on the 
viscosity of the medium where diffusion occurs and all the size of the gas molecules. 
According to Graham's law the diffusion coefficient K for each gas at a specific tempera-
ture and in a specific medium is proportional to lIV(mol.mass). According to Forster [1] 
Graham's law approximates reality for respiratory gases dissolved in water. This means 
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that Va' is proportional with the pressure difference across the alveolar-capillary , 
membrane with a proportionality constant Dw . Dw is proportional with the surface , , 
area A and the reciprocal of the barrier thickness d. A proper gas exchange occurs at a 
large alveolar surface area and a thin gas-blood barrier. This large surface area is 
achieved by a large number of alveoli. A rough estimate of the number of alveoli has been 
made at about 300.10' [2, 3] and between 200 and 600.10' [4]. According to Weibel [5] 
and Weibel and Gomez [3] surface area is about 80 m' at 75% of the total lung capacity 
(TLC) and according to Gehr et al. [6] alveolar surface area is 143 m'. In a normal male 
volunteer with a height of 1.89 m and a reference TLC of 8 liters 75% of TLC corre-
sponds with a volume of 6 liters. If his lungs are modelled as two identical spheres of 3 
liters each with a radius R (Volume = 4/37rR3) the corresponding surface area (47rR') is 
only 0.2 m'. If the volume is subdivided in an increasing number of equal alveoli the 
surface area is increasing fast until at the final number of 300.10' alveoli the total surface 
area is about 107 m' (Fig. l.l). 
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volume of 6 liter. 
Around the alveoli there is a capillary network which contains 60 to 80 mI blood in 
contact with alveolar air [7]. Tllis capillary network has such a density that nearly the 
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complete alveolar surface area is covered with capillaries. Mean barrier thickness is about 
0.5 I'm [8, 9], but inside the capillaries O2 molecules have to diffuse for a mean distance 
of 2 I'm through the plasma to the erythrocyte. This distance contributes to the "membra-
ne II thickness. 
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Fig. 1.2. Rate of oxygen transfer ill the pulmonary capillaries (From {1O}, with 
pennissiollj. 
To determine D['02 we need to measure PA02 and a mean value for P e02 during the blood 
passage in the capillary bed. P,a of the blood is increasing and therefore, the difference , 
in 0, tension across the gas-blood barrier is decreasing. In Fig. 1.2 this increase in 
capillary Pais plotted against the capillary passage time of the blood [10]. In nonnal , 
subjects capillary P a equals PAa in about half of this capillary passage time, causing in , , 
the other part of the passage time a difference in 0, tension of zero. If pressure equilibra-
tion occurs diffusion is not a limiting factor and Va ' will only depend on the perfusion , 
rate. When mixed venous and end-capillary Po, are measured, the calculation of the Dl.O, 
cannot simply be based on the mean value of mixed venous and end-capillary P a , , 
because of the non-linear increase in Pe02' After calculating the change in capil1ary P O2 
according to Bohr's integration procedure, mean capillary Po can be determined , 
graphically by drawing the horizontal dotted line (Fig. 1.2) so that the shaded areas are 
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equal [10]. 
However, end-capillary Po is difficult to measure due to venous admixture before the , 
blood reaches the arterial system and mixed venous and arterial blood sampling is 
invasive. Therefore, Bohr [11] and Krogh [12] suggested to study the diffusing capacity 
with carbon monoxide (CO). This gas has an affinity for Hb which is about 230 times 
larger than that of oxygen. The calculation of the CO diffusing capacity DLco is based on 
the assumption that the CO tension in the plasma is negligible. Consequently, the pressure 
gradient across the membrane is equal to the CO tension in the alveolar gas (P ACO) and the 
diffusing capacity for CO is independent on the pulmonary perfusion rate. The difference 
in Dw and DLCO is caused by the difference in solubility and diffusion coefficient K of , 
both gases. According to Krogh [12] Dw , = 1.23 DLCO ' 
Several methods have been developed to estimate DLco, all with different conditions. 
Single Breath Method 
To determine the diffusing capacity in patients the single breath lIlethod is usually applied. 
Afte'r a maximal expiration the subject is asked to inspire as deeply as possible a volume 
of air containing about 0.3% CO and 5% Helium. After a breathholding period of 10 
seconds the subject expires and an alveolar gas sample is collected. Alveolar fractions of 
CO and He are usually obtained from an alveolar gas sample of 750 mI after discarding 
750 ml for washout of airways and apparatus deadspace. This technique was first 
described by Krogh [12]. It is based on the condition, that after inspiring a gas mixture 
containing CO, the CO fraction decreases exponentially with time during breathholding as 
CO diffuses into the blood. If the alveolar CO fraction, FACO , is known at the beginning 
and end of a time interval, it is possible to calculate the exponential decay constant Icco of 
the relationship according to: 
F - F -keo (1]-10) Aeo ( - ACO t • e 
, I ' 0 
(1.6) 
where: = beginning time in s 
t 1 = end time in s 
FACO I = F ACO at time t\ . , 
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FACO, (0 = F ACO at time tu 
During the first application by Krogh a subject inspired air with a small amount of CO as 
deeply as possible and expired immediately a small portion to determine the initial CO 
concentration. A second sample was collected at the end of a breathholding period to 
measure the final alveolar CO concentration. The period of breathholding was estimated 
from a spirogram, from which also the inspired volume was measured. The actual alveolar 
volume was estimated by adding the residual volume RV to the inspired volume. RV was 
separately detennined by a multiple breath dilution technique. 
Forster et a!. [13] modified the teclmique by adding the inert gas He to the inspired gas 
mixture. They measured the He fraction both in the inspired gas and after 10 seconds of 
breathholding in the expired gas. Assuming He is insoluble in blood and tissue, they 
calculated alveolar volume VA from the He dilution and the inspired volume VI' In a mass 
balance the total volume of He in VA is equal to the inspired amount of He, according to: 
where: V A = alveolar volume in liters BTPS 
Fme = He fraction in the inspiration gas 
FAHe = alveolar He fraction at time t1 
VI ~ inspired volume in liters BTPS 
VD ~ total dead space in liters BTPS 
(1.7) 
Usually VI is equal to the vital capacity (VC), the maximum volume which can be inspired 
after a maximum expiration. If VC is inspired, maximum alveolar volume V A,mal is 
calculated according to: 
F V "[If, (VC-VD) A,max F 
AH, 
(1.8) 
Foster et a!. [13] assumed that He and CO are diluted in a comparable way, which is still 
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generally accepted. Then, the initial fraction of CO can be calculated from the measured 
inspired CO fraction and the degree to which He is diluted by RV, according to: 
where: FICO = Fcc of the inspired gas mixture 
FACOo = alveolar CO fraction at zero time 
(1.9) 
A further improvement was made by Jones and Meade [14], who demonstrated that the 
effective breathholding time was not equal to the time the subjects hold their breath at 
TLC. The effective breatWlOlding time lasted from the time that 0.3 part of the vital 
capacity VC was inspired until the time that half of the alveolar sample was collected. 
In equations 1.6 and 1.10 keD (s") represents the ratio DLeo(PB·PII1O;,,)IKSTPoVA.~' where 
DLCO is in j.(mol.s·I.kPa-t, PB is the barometric pressure and Pmo.>al the saturated water 
vapour pressure in kPa at body temperature (usually 37 'C), V A.=, is the alveolar volume 
at TLC level in liters BTPS, and KSTPO is the conversion factor for the conversion from 
liters BTPS to I'mo!. 
I (
FACO' 'oJ- k (-I) _ _ D_L-;C",O_C_P_B.,.-P;-H-,,_O'_"_) II -F-- - co I, 0 - (1,-10 ) 
ACO, 1\ KSTPD VA,mll; 
(1.10) 
Rearrangement of equation 1.10 gives: 
D ~ V _1_ =_K-cS"TP .. D __ -c 'FFACO. 'oj 
LCO A,mu (1,-10 ) (P P ) B- H10sai ACD, t\ 
(1.11) 
Not every patient will be able to perform the single breath procedure to detelmine DLeo, 
for several reasons. Either the patient cannot hold his or her breath at TLC for 10 seconds 
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or cannot deliver a VC of 1.5 I (0.75 I for deadspace washout and 0.75 I alveolar gas 
sample) for a proper analysis. For that reason multiple breath methods have been 
developed. 
Multiple Breath Methods 
In the steady state technique subjects breathe during a certain time from a gas container 
with a gas mixture with a low CO concentration. During the test period mixed expired CO 
is monitored until a steady state is reached. The diffusing capacity under steady state 
conditions is estimated from: 
(1.12) 
where V co' is the CO uptake, which is calculated from inspired and expired amount of 
CO and P ACO is the alveolar CO tension. P ACO fluctuates throughout the respiratory cycle 
and cannot be determined directly. Two methods have been described to estimate the 
mean PACO ' Filley et al. [15] stated that mean PACO can be obtained by partitioning the 
concentration in the expired gas into components due to the alveolar and dead space 
ventilation. Assuming the dead space for CO, and CO are similar, P ACO can be calculated 
according to: 
where: PlCO ~ CO tension in the inspired gas 
P ECO = mixed expired CO tension 
PAC0
2 
= alveolar CO2 tension 
P ECO = mixed expired CO2 tcnsion , 
Bates et al. [16] assumed end-tidal CO pressure, P E7: ' to be equal to mean P ACO' 
co 
(1.13) 
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The results of this method will be influenced by the breathing pattern of the subject. The 
CO load is relatively large compared to other methods, because the patient is inspiring a 
constant and relatively large CO concentration for several minutes, until a steady state is 
reached. In the calculation of the CO diffusing capacity CO tension in the lung capillary 
bed is assumed to be zero. However, during such a procedure CO tension in mixed 
venous and lung capillary blood will gradually increase, causing a high CO tension ( CO 
back tension) in the blood, which invalidate the computation. 
A second method is the I'ebl'eathing technique introduced by Krtihoffer [7]. The subjects 
hyperventilate for about 30 s from a bag containing an air mixture with a low CO 
concentration, characterized by a large tidal volume and a rate of about 30 breaths per 
minute. The gas in the lungs is well mixed with that in the rebreathing bag. An inert gas 
is added to measure lung volume and total volume of the system, i.e. volume of lungs and 
rebreathing bag. From the initial and final CO concentrations the DLco is calculated in a 
comparable way as in the single breath method. The results of tltis method are dependent 
on breathing pattern too. An advantage above the steady state method is that the CO load 
is smaller, because the inspiratory CO concentration decreases during the measurement. 
The DLco values obtained with the various methods are not the same. A main reason is 
that with the single breath method DLco is estimated at TLC, whereas with the steady state 
method DLco is estimated at a changing lung volume between FRC and the sum of FRC 
and tidal volume. On average FRC and half tidal volume is taken. With the rebreathing 
method lung volume is on average equal to the sum of end-expired volume and half of the 
tidal volume, where end expiratory volume will be smaller and tidal volume larger than 
the corresponding volumes during the steady state method. 
Outline of this thesis 
As mentioned above, DLco is proportional to the area A of the blood gas banier and the 
reciprocal of the barrier thickness. A voluntary decrease in lung volume will cause a 
difference in surface area A, but probably not a change in barrier thickness [3, 5, 9]. 
Patients with a restrictive lung disease have a smaller TLC than reference TLC. Severely 
ill patients are often not able to perform a single breath procedure at TLC. Therefore, we 
aimed to study the effect of alveolar volume on the DLco and DLcolV Ao estimated with the 
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single breath method. DLcolV A has been described by Krogh [12] as a pelmeability 
constant Kco, but DLcolVA appeared to be dependent on VA' The European Community for 
Coal and Steel report [17] warns: "The association between DLCOIV A and lung volume can 
lead to difficulty in interpretation, particularly during childhood and adolescence, in non-
Caucasians and in patients in whom the total lung capacity is reduced". Based on our 
studies in chapters 2 and 3 we clarify and solve these problems. Because in children and 
adolescents anatomical changes in volume due to growth could inlerfere, we also studied 
the response of the diffusion variables to changes in alveolar volume in adults (chapter 2) 
and children (chapter 3) separately. Furthelmore, we described the diagnostic consequen-
ces in patients who developed a restrictive lung disease due to chemotherapy (chapter 4). 
In severely ill patients and small children the single breath technique can not always be 
applied. Patients, who are too ill to perform a single breath test, also will have problems 
with the usual rebreathing procedure during hyperventilation. Therefore, we developed a 
rebreathing technique in which patients breathe spontaneously at rest ventilation as an 
alternative method. We tried to explain the different results of single breath and rebreat-
hing technique by differences in lung volume and we compared the results of both 
techniques in patients with as well as without ventilation distribution unequality. This 
study is described in chapter 5. 
Diffusion of CO will occur only where alveoli are in contact with functioning capillaries 
filled with erythrocytes. DLCO is independent of pulmonary perfusion, but DLco depends on 
the effective capillary blood volume. 
In healthy volunteers the lungs appear to be unequally perfused in the sitting position due 
to hydrostatic pressure differences. In the supine position the lungs are more equally 
perfused, because the hydrostatic pressure differences are smaller. The effects of a change 
in body position from sitting to supine on the effective capillary blood volume (QJ, the 
membrane conductance (Dm) and DLCOIV A vs VA relationships are also presented in 
Chapter 6. 
Roughton and Forster [8] described a model in which DLCO was separated in a diffusing 
capacity of the alveolar-capillary membrane Dm and the capacity of the blood present in 
the alveolar capillaries to bind the gas molecules chemically (8QJ. 
12 
where: 
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1 1 
- + -o-=c-'=cc 
D", OQ, [Eb] (1.14) 
~ effective capillary blood volume in mi. 
[Hb] ~ hemoglobin concentration as fraction of normal. 
o ~ constant for the rate of uptake of CO by the erythrocytes in one 
ml normal blood in I'mol.s· l .kPa·1 mI·1• 
DLCO varies with the O2 tension, because the reaction rate () for the reaction between CO 
and Hb is dependent on this O2 tension. The estimation of Dm and Qc is based on DLCO 
measurements at two different 0, levels. They found l!Dm and lIQ, graphically from the 
intercept with the ordinate and the slope of the linear relationship between lIDLco and 1/0 
respectively (Fig. 1.3). 
---. Slope: 1/0c 
Intercept: 1/Dm 
1/8 
Fig. 1.3. Graphicalmelhod to separate Dleo ill Dm alld Qc 
The accuracy of the estimation of Dm is limited, because 1!Dm is about zero, To improve 
this accuracy and to study the relationships Dm vs VA and Q, vs VA' we estimated the 
relationship between Dl.colV A and VA at two different oxygen tensions and analysed the 
relationship between Dm and V A and between Q, and VA [9]. 
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REFERENCES 
I. Forster RE. Exchange of gases between alveolar air and pulmonary capillary 
blood: pulmonary diffusing capacity. Physiol. Rev. 1957; 37: 391-452. 
2. Dunnill MS. Postnatal growth of the lung. Thorax 1962; 17: 329-333. 
3. Weibel ER and Gomez DM. Architecture of the human lung. Sciellce 1962; 137: 
577-585. 
4. Angus GE and Thurlbeck WM. Number of alveoli in the human lung. J. Appl. 
Physiol. 1972; 32: 483-485. 
5. Weibel ER. MOlphometry of the human lung. Springer, Berlin-G6ttingen-Heidel-
berg, 151pp. 
6. Gehr P, Bachofen M and Weibel ER. The normal lung: Ultrastmcture and 
mOlphometric estimation of diffusion capacity. Respir. Physiol. 1978; 32: 121-140. 
7. Kriihoffer P. Lung diffusion coefficient for carbon monoxide in normal human 
subjects by means of C140. ACla Physiol. Scalld. 1954; 32: 106-123. 
8. Roughton FJ and Forster RE. Relative importance of diffusion and chemical 
reaction rates in determining the rate of exchange of gases in the human lung, with 
special reference to tme diffusing capacity of pulmonary membrane and volumes of 
blood iri the lung capillaries. J. Appl. Physiol. 1957; 11: 290-302. 
9. Stam H, Versprille A and Bogaard JM. The components of the carbon monoxide 
diffusing capacity in man dependent on alveolar volume. Bull. Eur. Physiopalhol. 
Respir. 1983; 19: 17-22. 
10. Com roe JH, Forster RE, Dubois AB, Briscoe WA and Carlsen E. The Lung. 
Clinical physiology and pulmonary function tests. Second Edition 1973. Year Book 
Medical Publishers, Inc. Chicago, U.S.A. 
II. Bohr C. Vber die spezifische Tiitigkeit der Lungen bei der respiratorischen 
Gasaufnahme. Skalld. Arch. Physiol. 1909; 22: 221. 
12. Krogh M. The diffusion of gases through the lungs of man. J. Physiol. 1915; 49: 
271-300. 
14 Chapter 1 
13. Forster RE, Fowler WS, Bates DV and Van Lingen B. The absorption of carbon 
monoxide by the lungs during breath-holding. 1. c/ill. Illvest. 1954 b; 33: 1135-
1145. 
14. Jones RS and Meade F. A theoretical and experimental analysis of anomalies on 
the estimation of pulmonary diffusing capacity by the single breath method. Quart. 
1. Exp. Physiol. 1961; 46: 131-143. 
15. Filley CF, McIntosh DJ, and Weight GW. Carbon monoxide uptake and pulmona-
ry diffusing capacity in normal subjects at rest and during exercise. J. Clin. Invest. 
1954; 33: 530-539. 
16. Bates DV, Boucot NG and Dormer AF. Pulmonary diffusing capacity in normal 
subjects. 1. Physioi. LOlld. 1955; 129: 237-252. 
17. Cotes JE, Chinn DJ, Quanjer PhH, Roca J and Yemault JC. Standardization of the 
measurement of transfer factor (diffusing capacity). Report working party standar-
dization of lung function tests European Community for Steel and Coal. Eur. 
Respir. 1. 1993; 6 Suppl. 16: 41-52. 
CHAPTER 2 
DIFFUSING CAPACITY DEPENDENT ON LUNG VOLUME AND AGE IN NOR· 
MAL SUBJECTS 
H. Starn, V. Hrachovina, T. Stijnen and A. Versprille 
This chapter is based on a manuscript published in: 
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The diffusing capacity of carbon monoxide (DLco) and its value nOIDlalized to alveolar volu-
me (DLcoiV A) are usually estimated at total lung capacity (TLC) [for references see 1]. 
In llOlmal subjects DLCO decreases and DLCO/VA increases when VA is decreased [1-10]. 
Consequently. DLCO is lower and DLco/V A is higher at lower lung volumes, compared with 
reference values estimated at reference TLC. 
In patients with a restrictive disease, due to intra or extra parenchymal diseases, diffusing 
capacity is determined at a lung volume lower than their disease-free TLC. In order to com-
pare the diffusion indices of such a patient with the reference values at the same lower lung 
volume, we aimed to detennine reference values at lung volumes lower than TLC in non-
smoking normal subjects of both gender. 
Mangado et al. [11] described a conversion of DLco for reduced V A based on a relationship 
between the membrane conductance Dm and V A according to Dm = kV A 213, whereas capillary 
blood volume (Q,) was assumed to be constant. In a previous study we found this Dm vs VA 
relationship appropriate in only 64 % of a group of normal volunteers in sitting position, 
whereas Q, varied with VA according to a second order polynomial [1]. In the majority of 
subjects older than 40 years of age the maxinlUm Q, was at TLC or close to TLC, whereas, 
in younger volunteers, a plateau in Q, was found between TLC and 60% of TLC. Thus, 
Mangado's assumption of constant Q, was acceptable in the younger group, but not in the 
older subjects. 
We determined reference values of DLco and DLcoiV A at TLC and at lower lung volumes in 
the sitting position, related these values to age for both sexes, and derived two mathematical 
methods for calculation of the reference values and their standard deviations. 
SUBJECTS AND METHODS 
Subjects 
In 55 healthy non-smokers reference values of DLco and DLcoiV A at TLC and at lung volu-
mes below TLC were determined after informed consent. The subjects were recruited from 
Rotterdam and its suburbs, an industrial area in the Netherlands. All were healthy Caucasi-
ans with no history of chronic pulmonary or cardiac disease or previous thoracic surgery J 
and no history of acute respiratory symptoms in the three weeks prior to the investigation. 
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We selected nmmal subjects within a weight range of about 20 % above and below ideal 
body weight. To estimate ideal body weight we used the modified Metropolitan Life Insu-
rance Company charts [12]. No subjects had contact with harmful chemicals, which may 
influence lung function. The group consisted of 28 males and 27 females. All had normal 
lung volumes in % of the reference values of the European Community for Coal and Steel 
(ECCS) [13], (mean ± SD): TLC=105 ± 10 %; VC=113 ± 14 % and FEV, = 103 ± 12 
%. Their ages ranged from 20 to 85 years. In a subgroup of 16 male volunteers, 20-69 
years old, we tested whether DLCO and DLco/V A were dependent on the nonnal variability in 
the Hb concentration. 
Procedure 
In a series of single breath maneuvers DLCO and DLco/V A were determined in the sitting po-
sition at various levels of alveolar volume. We followed the single breath procedure as re-
commended by the ECCS [13]. The subjects expired to residual volume (RV) and holding 
their breath after inspiration of volumes ranging from 1.5 I up to vital capacity (VC) in ran-
dom order. The start of breathholding was taken when 30% of the volume had been inspi-
red, and the end when half of the expired sample had been collected [14]. Overall breath 
holding time slightly exceeded 10 s. Inspirations and expirations were performed rapidly. 
Alveolar fractions of CO and He were obtained from expired gas after discarding 800 m1 
for washout of airways and apparatus dead space. The size of the alveolar sample was 800 
ml. Maneuvers were performed with a UMasterlab Transfer" manufactured by Jaeger 
(\Viirzburg, Germany). The interval between consecutive measurements was 5 min. To mi-
nimize CO back tension, we restricted the number of consecutive measurements to six. 
Back tension was ignored in these non-smokers, because it was less than 1 % of the alveolar 
CO tension at the start of breath holding. We used a heat conductivity type He analyzer, 
which is sensitive to CO,. Therefore, we absorbed CO, prior to both He and CO analysis. 
The remaining gas concentrations were corrected for an absorbed amount of 5% CO, [15]. 
DLCO and DLco/V A were expressed in jtmo1.s-1.kPa-1 and jtmo1.s-1.kPa-1,l-1 respectively and 
the correction for the normal variability in Hb concentration was performed according to the 
procedure described by Cotes and recommended by the ECCS [13, 16]. Reference values of 
Hb concentration in men and women are 9.2 ± 0.5 (SD) nunoU-' (n=120) and 8.3 ± 0.5 
(SD) mmol.l-' (n=120) respectively, as determined in a group of volunteers from the same 
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demographic background in the Laboratory for Clinical Chemistry in our hospital. 
Data allalysis alld Statistics 
We analysed our results according to two methods. 
Firstly, a "Random coefficiellts linear (RCL) model" for all subjects was fitted assuming li-
near DLcolV A vs VA relationships within individuals. This model is a direct generalisation 
of the model described by Feldman [17]. The parameters were estimated by the restricted 
maximum likelihood method using module 5V of the BMDP package [18]. Tllis method 
uses t~e least squares slope and intercept to refme its previous estimates of variance compo-
nents, recalculates the weights, re-estimates the slope and intercept, and so forth. Secondly, 
we determined a conversion of the conventional reference values at TLC based on the para-
meters of all linear regression equations through the individual data, obtained by the least 
squares method, which we will call the cOllversion method. Differences between two groups 
of data were regarded as significant at P-value < 0.05. 
RESULTS 
Reference valtles at TLC 
DLCO and DLcolV A values were determined at TLC level as a function of age (A, in years) 
in men and women respectively (n=55). 
Males between 20 and 85 years: 
DLCO = 251 - 1.4A r=-0.83 RSD = 15 (2.1) 
Females between 20 and 77 years: 
DLCO = 177 - 0.8A r=-0.56 RSD = 19 (2.2) 
Males and females between 20 and 85 years: 
DLcolVA = 29.1 - O.lDA r=-0.54 RSD = 2.5 (2.3) 
where RSD is the residual standard deviation. 
The relatiol15hips of DLcolV A vs A were not significantly different between the male and 
female subjects; the P-value varied between 0.23 and 0.97 for the measured values of both 
sexes in five ten-year age groups. 
Diffusing capacitydependeJlt Oil lung volume and age in lIOn/wi subjects 
300,-~----------------------~~ 
men 
~250~~~. ~200 
... 
'in 
is 150 
E 
2:100 
o 
~ 
o 50 
0~---~4-----4-----~~--~~~-i 
20 30 40 50 60 70 
Age (y) 
250 
o~~--+-~--~--~~--~~--~ 
20 
Fig. 2.1 
30 40 50 60 70 
Age(y) 
Comparison of reference values for DLcoJrom our study with 
reference \'alues published ill the literature ill mel! and womell 
respectively. For the regression equations ill which height is a 
parameter a mean height of 180 cm and 170 cm is used for 
males alldfemales respectively [13. 16. 19~22]. 
x Coles [16J 
A Crapo et al. [l9J 
o ECCS. Qual/jer [13] 
• lVllldsOIl et a1. [20J 
... Miller el al. [21] 
o Paoletti et al. [22J 
This paper ± 1 RSD 
19 
40 
~ 
L 
1. 30 ~ 
'in 
"0 
E 20 
::1. 
~ 
i 
0 
':l 10 
0 
0 
Fig . .2.2 
men 
40 50 60 70 
AgeM 
women 
20 30 40 50 60 70 
Age (y) 
Comparison of reference values for DwYV,i from our study with 
reference values published ill the Uterafltre in men alld women re-
spectively. For the regression equatiolls i1l which height is a para-
meter a mean height of 180 em alld 170 em is lIsed for males and 
females respecti\'ely [20-22}. 
x Cotes {l6] 
" a 
• 
• 
• 
0 
Crapo el al. 
EGCS, Qllonjer 
KnudsoJl et al. 
Love et al. 
Miller et al. 
Paaleltl el al. 
This paper 
{19] 
{I3] 
{20] 
{23] 
{21] 
{22] 
± 1 RSD 
Chapter 2 
Diffusing capacity" dependellf 011 IUllg volume alld age in "onnal subjects 21 
In Fig. 2.1 the regression lines of DLCO vs A for both men and women are given as well as 
those of Cotes [16], Crapo [19], ECCS [13], Knudson [20], Miller [21] and Paoletti [22]. In 
Fig. 2.2 the same is done for the regression lines of DLco/V A vs A. Moreover, the referen-
ces proposed by Love and Seaton [23] are added. 
Hb correctioll 
In a subgroup of 16 male subjects Hb concentration was on average 9.5 (SD=0.6) 
, 
mmol.l". The regression equations DLeoiVA = 29.6 - 0.11 A (1'=-0.56) and DLcoiVA 
30.5 - 0.12 A (1'=-0.61) for the Hb corrected and uncorrected measurements respectively, 
are not significantly different. Hb correction did not decrease the standard deviation. 
The correction for the normal variability in the Hb concentration resulted in a mean change 
of 1.0 ± 2.0(SD) % of the uncorrected values of DLCO and DLeoiVA respectively. 
Reference vallies al TLC alld V,I levels below TLC with Ihe RCL llIodel 
In all volunteers DLcoiV A increased linearly with decreasing VA' Three typical examples of 
males of 20, 58 and 85 years of age are presented in Fig. 2.3. DLeo decreased with decrea-
sing VA-
The parameters a and b of the relationship DLcoiVA = a - bVA varied substantially between 
volunteers. In both parameters a decreasing trend with increasing age was present. Therefo-
re, we postulated the following RCL model: 
DLeoiVA = C + dA-(e +fA)VA 
In this model the intercept (c + d A) and the slope (e + f A) depend in a linear fashion on 
age. The parameters c and e were assumed to be random, i.e. each individual is allowed to 
have his or her own intercept and slope, whereas d and f were considered fixed, i.e. syste-
matic dependence of intercept and slope on age. This model was fitted to the data of all sub-
jects with a coefficient related to sex. As this sex related coefficient was significantly diffe-
rent from zero (P-value<O.OOI), we perfOlmed the analysis for men and women s~parately. 
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The resulting regression equations were as follows: 
Males: DLCOIV A = 76.5 - 0.62 A - (6.0 - 0.07 A)V A 
with RSD = v( 0.55VA' - 8.69VA + 37.82) 
Females: DLCOIVA = 67.7 - 0.52 A - (6.9 - 0.08 A)VA 
with RSD = v( 0.59VA' - 6.66VA + 27.83) 
where VA is in liters and A in years. 
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8 
(2.4) 
(2.5) 
The regression coefficients of age (d and f) turned out to be significantly different from zero 
(P-value<O.OOl), showing that both intercept and slope decrease with increasing age. In 
Fig. 2.4 we have illustrated the dependence of DLCOIVA on A and VA by using equation 2.4. 
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To compare the predictions of DLCOIVA at TLC from eqs. 2.4 and 2.5 with the measured 
values at TLC we plotted the differences between predicted and measured values as a per-
centage of the measured values of all 55 individuals in Tables 2.1 and 2.2 (difference 3.9 ± 
10 %, mean ± SD) as a function of TLC (Fig. 2.5). 
The predicted values are significantly higher than the measured values (p-value=O.006), 
the slope of the regression line tluough the differences between predicted and measured va-
lues was not significantly different from zero, P-value=O.OB. 
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Reference vailles at -V, levels below TLC with the Conversion method 
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The conversion method is based on the slopes of all DLCO/V A VS V A relationships, where VA 
is expressed as a fraction of the predicted TLC (Tables 2.1 and 2.2). This conversion is il-
lustrated in Fig. 2.6. 
DLco/V A decreases linearly with increasing V A with a slope b, which decreases with age ac-
cording to: 
Males: b = -0.50 A + 46.1 
Females: b = -0.41 A + 38.0 
r=-0.78 
r=-0.74 
RSD = 6 
RSD = 6 
Differences in b were only significant in the over-50 age groups. 
(2.6) 
(2.7) 
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Table 2.1 Alllhropomorphic data and regression equations for Dw/VA (Jlmol.s·l.kPa·I.tI) as a function of 
VA (fraction of reference TLC (ECCS [13J) of the male !lomla[ subjects. 
Subj. Age Height c Weight TLC lLCrt ( n DlcQlVA=a-bVA 
No. (yr) (em) (kg) (I) (I) b 
. '. 
r " 
, 
I 43 183 83 8.06 7.54 12 I ' 21.61 45;19 -0.92 
2 41 189 82 8.67 8.02 14 19.50 45.33 
I 
-0.94 
3 24 178 78 7.17 7.14 12 ~0.Q3 47.63 ' -0.94 
4 24 180 63 7.30 7.30 Ii 35.95 66.78 ;0.97 
5 20 192 85 8.23 8.26 12 47.59 73.11 -0.98 
6 56 175 62 6.94 I, 6.90 II 31.38 56.92 -0.96 
7 48 181 86 7.76 7.38 ' 12 19.29 44.99 -0.98 
8 23 190 75 9.01 8.10 I 12 23.78 48.90 1-0.96 
9 38 178 75 7.99 7.14 12 30.26 57.79 -0.94 
lO 52 178 80 7.22 7.14 6, 31.41 56.60 -0,98 
II 55 170 87 6. II 6.50 12 14.27 41.60 -0.80 
, 
12 54 193 92 8.44 ' 8.34 6 14.lO 36.00 ·0.96 
13 41 186 91 8.83 7.78 12 27.80 51.56 ,-0.93 
14 58 177 84 8.10 .7.06 6 13.91 39.56 -0.90 
15 32 173 78 6.62 6.74 12 34.13 62.19 -0.98 
16 69 In 82 6.06 6.66 12 10.53 31.91 1-0;64 
. ' 
17 23 187 70 7.94 7.86 I 14 42.43 69.84 -0.95 
18 49 175 80 7.14 6.90 12, 24.37 49.98 -0.93 
19 29 180 73 7.94 7.30 12 33.22 60.79 -0.97 
20 34 183 84 7.75 7.54 II 23.80 48.30 -0.97 
21 52 187 92 9.03 7.86 12 17.75 42.62 .0.92 
22 56 180 90 6.78 7.30 12 lUO 42.83 -0.93 
23 59 183 92 8.99 7.54 12 11.10 ' 35.63 '0.95 
24 31 188 80 7.97 7.94 12 34.11 58.13 -0.95 
25 I ' 85 181 81 6.72 7.38 I 8 4.58 I ,23.39 -0.54 
26 58 173 70 6.73 6.74 12 15.06 39;99 -0.91 
, " 
27 56 182 88 6.29 I' 7.46 • I ' 5 ' 18.79 42.92 -0.94 
28 51 180 ' 80 7.33 7.30 12 18m 1 42.88 ,", -0.96 
, 
a aI/a IJ are cOllslams, 1/ IS lhe Ilumber Of 0 sen'atlOlIs alia r is tile correlatlOlI coejjiCfellf. 
Table 2.2 Alltllropomorphic data and regression equations for DW/VA (JLlJlol.s-'.kPa-1.t]) as a fUlictioli of 
VA (fraction of reference TLC (Eees {l3]) of tile female normal subjects. 
Subj. Age Height 
No, (yr) (em) 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
36 
28 
44 
71 
30 
26 
56 
59 
58 
27 
47 
31 
21 
37 
69 
60 
42 
41 
69 
76 
43 
24 
60 
57 
22 
53 
50 
178 
176 
164 
172 
180 
118 
157 
166 
161 
178 
171 
171 
178 
168 
17l 
166 
159 
172 
157 
159 
167 
158 
176 
176 
172 
16B 
16B 
Weight 
(kg) 
62 
80 
48 
63 
75 
65 
56 
53 
68 
60 
63 
56 
70 
61 
78 
74 
54 
63 
66 
59 
57 
52 
71 
64 
63 
70 
66 
TLC 
(I) 
7.07 
4.91 
5.58 
5.73 
4.92 
6.77 
5.27 
5054 
5.10 
6.04 
657 
6.0B 
5.80 
6;05 
5.01 
5.35 
5.50 
6.10 
5.24 
4.25 
5,90 
4;28 
6.23 
7.19 
6.28 
6.95 
5.30 
a all are cOllslants, 11 lS Ile mUll er of obsen'aliollS all 
0) 
5.96 
5.83 
5.03 
5.56 
6.09 
5.96 
4.57 
5.17 
4.84 
5.96 
5.50 
5.50 
5.96 
5.30 
5;50 
5.11 
4.70 
5.56 
4.57 
4.70 
5.23 
4.64 
5.83 
5.83 
5.56 
S.W 
5.30 
12 
12 
12 
6 
12 
12 
12 
12 
6 
12 
12 
6 
12 
12 
12 
12 
11 
12 
8 
8 
II 
12 
6 
12 
11 
12 
II 
ba 
20.67 
41.86 
26,45 
1:);25 
37.1.9 
29.$0 
9;87 
17.17 
12.47 
30.21 
lUO 
22.47 
26.75 
19;38 
5.85 
7,37 
14.89 
13.84 
8.14 
19.44 
21.21 
29.92 
9.92 
19;79 
26.89 
13.67 
11.28 
48.27 
62.85 
54;13 
41.35 
63.42 
55.48 
38.49 
41.23 
3431 
57.91 
37:t7 
47.97 
5151 
43.12 
26.03 
29.71 
40.42 
37.85 
34.65 
39.77 
45.13 
57.56 
32.01 
44.25 
58;24 
42:24 
37.89 
-0.92 
-0.96 
-0;94 
-0.62 
-0.74 
-0.95 
-0.80 
-0.92 
-0.99 
-0.94 
-0.92 
-0.98 
-0.89 
-0.95 
-0.51 
-0.86 
-0.94 
-0.81 
-0.81 
-0.94 
-0.89 
-0.94 
-0.91 
-0.94 
-0;98 
-0.94 
-0.92 
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27 
The reference value of DLcoiV A at a lower VA level than TLC will be equal to the sum of 
the reference villue of DLcoiVA at TLC and a conversion factor b(l-f) according to: 
(2.8) 
where f is V A as a fraction of reference TLC. The DLcoiV A values at TLC were obtained 
from equation 2.3. 
The residual standard deviation after volume conversion will be: 
RSD = V(RSD(DLcoiVA at TLC)2 + RSD(b)2) (2.9) 
With equations (2.3), (2.8) and (2.6) or (2.7) a three-dimensional diagram could be made 
corresponding to that of Fig. 2.4. 
To assess whether the conversion method is satisfactory for determining reference values of 
DLcoiV A at V A levels below TLC we compared predicted values of the conversion method 
with those of the RCL method at three different volumes and ages. We not only converted 
the DLCOiV A references at TLC of eq. 2.3, but also those of Miller et al. [21], Paoletti et al. 
[22] and Cotes [16] (Table 2.3). DLcoiV A obtained from the conversion method was expres-
sed as a percentage of the DLcoiV A from the RCL method. These calculations were carried 
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out for a man with a TLC of 7 I and a height of 180 cm. The percentage values indicate 
that the DLCOIV A values calculated with the conversion method are similar to those calcula-
ted with the RCL method. 
Table 2.3 DlCc/VA reference vallies at [ower lllllg volumes are calculated with the cOllversion 
method from DLCa!V,j referellce values at TLC (eq. 2.3, Miller et al. [21J, Paoletti 
et al. [22J alld Coles [16J). 
Age Fraction DccolV A (Conversion method) as a % of DLcolV A (RCL) • 
.... 
(y) ofTLC Eq.3 Miller Paoletti Cotes 
! . 
.. 
20 1. 85 
.. 
95 ·94 101 
0.8 90 . 98 97 10.3 
.. 
. .. 
. . . 
0.6 93 100 99 . 104 
45 1. 86 91 94 94 
0.8 90 94 97 97 
0.6 93 97 99 99 
10 1. 87 86 93 85 
0.8 90 89 96 .... 88 < 
0.6 93 92 98 . 91 
DLCc/VA obtained with the conversion method is expressed as a percelltage of the DLajVAjrom the RCL me/hod 
(%RCL) at di/fereill ages alld alveolar \'olume fractions for male lIonnal subjects witli a TLC= 71 alld a height 
of 180 em. 
DISCUSSION 
Potel/tial errors 
In a previous study [10] we reported that the diffusion variables estimated at various alveo-
lar volumes were not influenced by unequal ventilation. This is in agreement with the fin-
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dings of other studies where nonsequential emptying of the lungs is described [14, 24]. 
l.ebecque reported a positive effect of a preceding sigh on DLCOiV A [25]. Cotton et a!. [4] 
reported that DLcoiV A was larger after a deep breath than after tidal breathing at all lung 
volumes. After.a deep breath, DLcoiVA increased by about 5% at 100% of inspiratory capa-
city (IC) and by about 17% at 25% of IC. We found a maximum increase of 5% after an 
inflation-deflation maneuver. In 5 min, 62 % of this increase disappeared [10]. Cotton et a!. 
[4] carried out the single breath maneuvers inunediate1y after a deep breath or after 10 min. 
, 
of tidal breathing. They defined tidal breathing as no breaths exceeding 50% of IC for 10 
min. In the present study we instructed the volunteers to sit quietly at rest and not to talk or 
sigh between the experiments and we verified the absence of sighs visually. If the volunteer 
was nevertheless sighing, we waited at least 5 min before the next diffusion measurement 
was started. Therefore, we regard the occurrence of sighs as having a negligible influence 
upon our data. 
We also checked whether our data could have been affected by high intrapulmonary pressu-
res during the breath holding periods. At a mouth pressure of 2.5 kPa above atmospheric 
pressure, DLCOiVA was decreased by not more than 4% at TLC [10]. We concluded that our 
results obtained over a wide range of V A were not significantly influenced by possible diffe-
rences in alveolar pressure. 
Hb correclioll 
A correction for normal variability in Hb concentration did not change the spread of Deco 
and DLco/V A values. In our volunteers, Hb concentration was nonnally distributed, which 
resulted in an equal amount of positive and negative corrections of the diffusing capacity. 
Therefore, the regression equations of DLCO and DLCO/Y A vs age were not significantly chan-
ged. Also the standard deviations were not changed, which can be explained by the lower 
variation coefficient in the Hb concentration of about 5 %, with respect to the variation 
coefficients of the diffusion indexes, which are more than 10 %. We concluded that our 
reference values for DLCO and DLco/V A, as well as those in literature obtained from nonnal 
volunteers whose Hb concentrations were not determined, can be reliably used for assessing 
patients' diffusion indexes. This does not mean that a hemoglobin correction is not necessa-
ry in patients. By comparing the diffusing capacity both with and without a hemoglobin cor-
rection, a real disturbance in diffusing capacity can be distinguished from the effect caused 
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by anemia or polycythemia. 
Referellce vallles at TLC 
The reference values for both DLco and DLcoN A correlate well with age between 20 and 85 
years in men as well as in women. 
Our references of DLco at TLC in women (eq. 2.2) are comparable to those of Cotes [16], 
Crapo et aJ. [19], Knudson et aJ. [20], Miller et aJ. [21], Paoletti et aJ. [22] and ECCS 
[13]. In male subjects our references (eq. 2.1) are comparable to those of Cotes, Miller et 
aJ. and ECCS. The references of the other authors exceed our references by more than one 
residual standard deviation. 
No gender difference was found in the DLcoN A, which is in agreement with the results of 
Burrows et aJ. [26] and Bradley et aJ. [27]. The reference values for DLcoNA (eq. 2.3) cor-
respond best with those published by Miller [21], Paoletti [22] and Love and Seaton [23]. 
The reference values published by Cotes [16] are significantly higher in the female subjects, 
but in males they are only significantly higher at younger ages. The ECCS [13], Crapo [19] 
and Knudson [20] published significantly higher DLcoN A reference values. Love and Seaton 
[23] noticed that the ECCS reference values for DLcoN A are at a much higher level than the 
reference values of Cotes [16]. Better results were obtained when they divided the ECCS 
reference values for DLco by the reference values of TLC. These values are less than 1 RSD 
different from Qur reference values. 
Reference vallles al VA levels below TLC 
The dependence of DLco and DLcoN A on V A is extensively reported in the literature [1-5, 7-
10]. Besides a linear relationship of DLcoN A vs V A> also hyperbolic and biphasic relations-
hips were reported [2, 7, 8]. In a previous study [10] we observed that in only 21 % of the 
subjects a hyperbolic or biphasic fit provided a negligibly small improvement of the correla-
tion coefficient with respect to the linear fit. Therefore, further calculations were based on 
the linear relations, which we continued in this study, because in all subjects DLCoN A decre-
ased with VA and yielded a linear relationship as the best mathematical description (Tables 
2.1 and 2.2). 
As mentioned in the introduction, we considered the method of Mangado et aJ. [11] to be 
unsatisfactory for calculating a reference of DLCO and DLco/V A at lower lung volume from 
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the corresponding references at TLC. A single correction factor as proposed by Mangado 
et a1. cannot be sufficiently accurate, because our results showed that the DLco/V A vs VA 
relationship also depends on age (Figs. 2.3 and 2.4). 
The ageing effect on the DLCOIV A vs V A relationship could not be attributed to a difference 
in height between older and younger volunteers, because the height of male and female sub-
jects between 20 and 30 years was not significantly different from that of the subjects aged 
over 60 (P-value=0.15 and 0.12 respectively). 
We think the decrease in slope of the DLcolV A vs V A relationship with increasing age should 
be attributed to other mechanisms. Previously [1] we observed that the effective capillary 
blood volume (Q,) vs V A relationship can be described by a second order polynomial. In the 
younger subjects we found a more or less flat maximum between TLC and 60 % of TLC. 
Therefore, Q, will be approximately stable in this alveolar volume range in the younger sub-
jects. Furthermore, we found physiological indications for isotropic volume change with 
constant barrier thickness [1], implying an increase in diffusion area relative to alveolar vo-
lume when volume decreases. This is in agreement with morphometric data of Weibel et al. 
[28]. Therefore, we concluded that in the younger subjects this positive effect of decreasing 
V A on DLcolV A coincides with an approximately constant effect of Q, on diffusion. In the 
elderly the maximum of the Q, vs V A relationship has been shifted to TLC. In these subjects 
an increased membrane conductance per liter alveolar volume (DmlV A) at lower alveolar 
volumes might be partly compensated by a smaller capillary blood volume, leading to a 
smaller increase in DLCO/V A with decreasing VA-
In 1983 we mentioned the controversy surrounding the difference in results between our 
study [1] and those of Hamer [29] and Werner et al. [30], who described a minimum inste-
ad of a maximum in the Q, vs V A relationship somewhere between FRC and TLC. We had 
no fundamental explanation for this discrepancy, nor do we have now. In a later study with 
other subjects, we again found a maximum in the Q, vs VA relationship [10]. In rats, For-
rest [31] also described a maximum. Factors which favour a maximum are the much greater 
number of volunteers (in total n=76) and intra-individual observations (6-12) in comparison 
with the results of the authors mentioned above (n=9 and 3 respectively). Moreover, our 
result was based on two continuous mathematical functions in air and high oxygen respecti-
vely, derived from all observations in each volunteer. The other authors, however, based 
their calculations on single observations in air and high oxygen respectively, which were not 
32 Chapter 2 
always performed at exactly the same lung volume. 
RCL melhod 
In the relationship based on the RCL method, the factor (c + d A) represents the decrease 
in the intercept and the factor (e + ! A) represents the decrease in slope with age, because 
d and! are negative (eqs. 2.4 and 2.5). 
The use of the equations 2.4 and 2.5 imply a calculation of reference values of Ow,lV A at 
all lung volumes including TLC, which is a new approach for determining reference values. 
With equation 2.3, reference values can only be determined at TLC. The predicted values at 
TLC obtained with the RCL method (eqs. 2.4 and 2.5) showed an overestimation of 3.9% 
(Fig. 2.5). The predictability is also illustrated in Table 2.3, where OLeoN A references at 
TLC (= 7 I) are compared to OLeoN A references at TLC in larger populations as presented 
by Miller et al. [21], Paoletti et al. [22] and Cotes [16]. In the majority of predictions the 
RCL method predicts larger values at TLC. A maximum difference of 18% was found for 
TLC values lower than 7 I. 
According to the reference equations of the RCL method, 0LCO/V A is the same for all indi-
viduals of the same age and sex if lung volume is the same, implying the same diffusion 
conditions at the same lung volume, even though this volume is at TLC in one individual or 
below TLC in another. This is illustrated in Fig. 2.4. Because height is not a significant 
parameter, the RCL method implies the principle that individuals with a small TLC have the 
same geometric relationship between lung volume and diffusion membrane as individuals 
with a large TLC, but after expiration to the same smaller volume. The RCL method pre-
dicts a smaller OLCON A at larger TLC. This is in agreement with the predictions of OLCON A 
by Miller et al. [21] and Paoletti et al. [22], which are negatively related to height and, the-
refore, also to TLC, because TLC is positively related to height [13]. The predictions by 
our equation 2.3 and by Cotes [16] are basically different from the RCL method, because 
both predict the same 0LCON A values if age and gender are the same, independent of height 
and TLC. Nevertheless, the comparison of OLCON A at TLC levels did not reveal that one 
method is better than the other. 
Because OLeoN A is linearly related to V A, according to OLCON A = a - bV A> the relationship 
between OLeo and VA is a second order polynomial according to: OLCO = aVA - bVA'. A 
statistical operation for a second order polynomial, comparable with the RCL method for a 
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linear relationship needs complicated, time-consuming computer analyses. To avoid such a 
procedure we derived DLCO references at volumes lower than TLC from the corresponding 
reference values for DJ.colV A by multiplying them with the lower lung volume. 
Conversion method 
We derived the conversion method for calculating reference values at V A levels below TLC 
to enable the use of reference values at TLC obtained from other pop~lations, assuming si-
milar effects of ageing (eqs. 2.6 and 2.7) on the parameter b of eq. 2.8. The conversion 
method implies that DLCOIV A is not linearly related to the absolute lung volume as in the 
RCL method, but to the fractional decrease in lung volume. As a consequence, for individu-
als of the same age and gender the conversion method predicts a different DLCOIV A at the 
same lung volume below TLC, if their TLC is different, e.g. 6 and 81 respectively. Accor-
dingto equation 2.3 both have the same DLcolVA (=x) at TLC. At half TLC (3 and 4 I re-
spectively) DLCOIVA =x+ Il2b. However, at 3 I the individual with the largest TLC has a 
predicted DLCOIVA =X +518b, which is larger than the value of the individual with the smal-
ler TLC. 
Compalisoll of reference vailles 
To assess whether the conversion method is satisfactory we compared its predictions at two 
volumes below TLC and at three different ages with the corresponding predictions based on 
the RCL method (Table 2.3). This conversion was applied to the DLCOIV A reference values 
at TLC, obtained from eq. 2.3 and the regression equations of Miller et al. [21], Paoletti et 
al. [22] and Cotes [16] respectively. The differences between the predictions of DLcolV A by 
the conversion and the RCL method for VA levels below TLC are smaller than the differen-
ces between the RCL method and the predictions at TLC from equation 2.3, Miller et aI., 
Paoletti et al. and Cotes. A preference cannot be made based on the numerical data, proba-
bly due to the fact that differences are within the variation of the data. Nevertheless, we 
have a preference to the RCL method for two reasons. 
1. According to the RCL method, gas transfer changes with lung volume in accordance 
with mOlphometric changes. During the fIrst two [32-34] or eight [35] years of life 
alveoli increase to their final number. Subsequently, an increase in lung volume oc-
curs by an increase in linear dimensions of the alveolar septa at constant thickness 
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[34J. Since lung volume is directly correlated to body height [13], it might be assumed 
that the growth of the lungs lasts as long as the body is growing, or the chest volume 
is increasing [36J. During this type of growth, DLcolV A will change in the same way 
as during voluntary changes of lung volume in a full grown individual, where we 
found physiological evidence for an isotropic volume change of alveoli at constant bar-
rier thic!Qless [IJ. 
2. The smaller standard deviation of the RCL predictions (eqs. 2.4 and 2.5), when com-
pared with that of the conversion method (eq. 2.9), implies a mOfe sensitive testing of 
a patient's value. 
Applications 
In our pulmonary function laboratory we routinely compare DLCO and DLcoIV A in a patient 
suffering from a restrictive lung disease with reference values both at the patient's reference 
TLC and at the lung volume equal to the patient's actual TLC. Comparing DLCOIVA of a 
patient with a decreased TLC with the reference DLcoIV A at the same lung volume implies 
the assumption that the effect of decreasing lung volume by disease has the same effect on 
DLcoIV A as the voluntary reduction in lung volume in healthy volunteers. We have no evi-
dence to support this assumption. However, we also lack of evidence that the comparison 
with DLco/V A at nonnal TLC is correct. If TLC is smaller due to a restrictive disease 
DLco/V A is normally compared to reference values at an equal lower lung volume, we in-
tend to conclude that the lower DLCO is due to the decrease in lung volume. If in such a case 
DLco/V A is compared to a reference value at normal TLC, DLco/V A seems abnormally large, 
often close to or more than 2 SD above predicted. We believe that this abnormally large 
DLco/V A is compared to the wrong reference value. 
If in a patient suffering from a restrictive lung disease DLCOIV A is lower than the reference 
DLco/V A at the same lung volume, the question arises whether we have a disorder at alveo-
lar-capillary membrane level, a decreased capillary blood volume or a changed DLcolVA vs 
VA relationship. In such patients, DLCOIVA at the "symptom limited" TLC can be normal 
when compared with the DLcoIV A reference at reference TLC. This does not necessarily 
mean a normal diffusion at alveolar-capillary level. In this case we suspect that the patient 
is suffering from some underlying disease. 
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COllclllsioll 
To detennine reference values of DLco/V A at alveolar volumes lower than TLC, we recom-
mend the use of either our RCL method (eqs. 2.4 and 2.5) or our conversion method (eqs. 
2.6, 2.7 and 2.8), together with a DLcoN A reference equation at TLC. A disadvantage of 
the conversion method is its larger standard deviation, caused by the standard deviations in 
b (from eqs. 2.6 or 2.7) and the reference value at TLC. References for DLco at each lung 
volume can be calculated from the corresponding DLco/V A references. 
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CHAPTER 3 
PULMONARY DIFFUSING CAPACITY AT REDUCED ALVEOLAR VOLUMES 
IN CHILDREN 
H. Starn, A. v.d. Beek, K. Grunberg, T. Stijnen, H.A.W.M. Tiddell5 and A. Versprille 
This chapter is accepted for publication in Pediatric Pulmonology. 
40 Chapter 3 
The carbon monoxide diffusing capacity of the lungs (DLCO) and the diffusing capacity nor-
malized to alveolar volume (DLcolV A) are usually estimated at total lung capacity (TLC) [1). 
In normal subjects aged 20 and 85 years DLco increases as alveolar volume (V A) increased, 
whereas DLcolV A decreases, yielding a linear relationship with VA, characterized by a nega-
tive slope [2, 3). The regression line of DLCOIV A vs VA shifts downwards and becomes less 
steep with increased age. In adults with restrictive lung disease, DLco and DLcolV A should 
probably be compared to reference values obtained at the same lung volume as the symptom 
limited total lung capacity (TLC) [4). No information on the effect of a change in lung vo-
lume on the diffusion variables is available for normal children. We, therefore, studied the 
relationships of DLCO and DLco/V A to V A' and determined the relevant regression parameters 
of these relationships in a group of normal subjects below 20 years of age. 
SUBJECTS AND METHODS 
Subjects 
We studied 103 healthy school children of European descent with ages ranging from 6 to 18 
years. They had no signs of an acute respiratory disease, no history of chronic puhnonary 
or cardiac disease according to the selection criteria of Taussig et a1. [5), no history of 
pneumonia or thoracic surgery. and no other disease which might influence the respiratory 
system or their general state of health, either directly or indirectly. Furthermore, there was 
no history of an upper respiratory tract infection during the three weeks prior to the investi-
gation. The group consisted of 48 male and 55 female nonsmokers. Their heights and 
weights (Table 3.1) relative to their ages closely approximated the means observed for heal-
thy Dutch children, indicating that we investigated a representative sample of normal Dutch 
children [6). All had normal lung volumes in % of the reference values of Zapletal [7), 
(mean ± SD), 6: TLC = 93 ± 10 %; vital capacity: VC = 98 ± 8 %; forced expired 
volume in 1 second: FEV\ = 98 ± 10 %; DLco at TLC = 101 ± 11 % and 'I: TLC = 93 
± 9 %; VC = 101 ± 9 %; FEV\ = 103 ± 10 %; DLCO at TLC = 94 ± 10 %. 
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Procedure 
The spirometric and diffusion variables were determined in an upright seated posture; volu-
me changes were obtained by integration of the flow signal from a pneumotachograph and 
pressure transducer. Functional residual capacity (FRC) was determined with a closed cir-
cuit helium dilution technique [8J. We estimated single breath Deco and DLcolVA at six dif-
ferent alveolar volumes. The single breath procedure was performed as recommended by 
the EeeS [1]. The subjects expired to residual volume (RV) and then inhaled volumes ran-
ging from 1.5 I up to vital capacity (Ve) in random order. Breath holding time started when 
30% of the volume was inspired, and ended when half of the expired sample was collected 
[9J. Overall, breath holding time slightly exceeded 10 s. Inspirations and expirations were 
perfOlmed rapidly. 
Alveolar fractions of CO and He were obtained from expired gas after discarding 750 m1 
for washout of airways and apparatus dead space. The size of the alveolar sample was 500 
m!. Measurements were performed with "Masterlab Transfer" equipment (Jaeger, 
Wiirzburg, Germany). The interval between consecutive measurements was 5 min. To mini-
mize the effect of CO back tension, we restricted the number of measurements to six a day. 
We neglected in our calculations the effects of CO back tension as it was less than 1 % of 
the a[veolar CO tension at the start of breath holding. We used a heat conductivity type He 
ana[yzer, which is also sensitive to CO,. CO, was therefore absorbed prior to the gas ana[y-
sis. The remaining gas concentrations were corrected for an absorbed volume corresponding 
to 5% CO, [IOJ. 
DLCO and DLco/V A were not corrected for nonnal variability in Hb concentration, because it 
appeared not to be necessary in healthy volunteers as noted in a former study [4J. 
Data al/alysis al/d Statistics 
We analysed our results according to a 'Random coefficients model' [4], in which a linear 
Dl.colV A vs VA relationship within all individuals was assumed. This model is a direct gene-
ralization of the model described by Feldman [l1J. The parameters were estimated by the 
'restricted maximum likelihood' method using module 5V of the BMDP package [12J. This 
method uses the least squares slope and intercept to refme its previous estimates of variance 
components, recalculates the weights, re-estimates the slope and intercept, and so forth. 
Differences between two groups of data or differences from zero were regarded as signifi-
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cant at P-value<0.05. 
RESULTS 
DLeo al/d Df.C(JVA at TLC 
Cotes et al. [13] found DLCO as well as DLcolV A> estimated at TLC, to be a power function 
of height. We found similar relationships: 
Boys:. DLCO = 39.9 H2." r= 0.93 RSD of InDLco =0.096 (3.1) 
DLcolVA = 40.1 H4J·60 r=-0.50 RSD of In(DLcolV A) =0.107 (3.2) 
Girls: DLCO = 41.3 H2." r= 0.90 RSD of 1nDLCo =0.108 (3.3) 
DLco/VA = 43.9 H4J·&4 r=-0.59 RSD of In(DLcoIVA)=0.112 (3.4) 
DLCO is in ,umol.s·1.kPa-1, DLco/V A in J.(mol.s·1.kPa-'.l-1, and height H in m. 
Our regression equations in boys were compared with those of Cotes et al. [13], Baran et 
al. [14], Bucci et al. [15] and Nasr et al. [16], and are graphically presented in Fig. 3.1. 
The DLCO vs height relationships of Bucci et al. and Nasr et al. and the DLcolV A vs height 
relationship of Cotes et al. were within 1 RSD of our regression equations. We found simi-
lar results for the girls we tested. 
Furthermore, DLCO and DLcolV A appeared to be linearly related to TLC in boys and girls 
(Figs. 3.2 and 3.3). Since age and height were not significant predictors, both variables we-
re adequately represented by TLC. 
Boys: DLCO = 29.5 + 22.9 TLC r = 0.94 RSD=l1 (3.5) 
DLco/VA = 37.4 - 1.56 TLC r = 0.54 RSD=3.4 (3.6) 
Girls: DLCO = 35.8 + 20.2 TLC r = 0.88 RSD=l1 (3.7) 
DLcolVA = 41.1 - 2.78 TLC r = 0.69 RSD=3.0 (3.8) 
where TLC is in liters (I). 
In our group of boys TLC (I) depended on height H (m) according to TLC=1.01H,·1 with 
RSD of InTLC=0.090 and in girls TLC=0.99H'·o with RSD of InTLC=0.087. Comparison 
of our prediction equations for TLC in boys and girls with the reference equations published 
in the literature gave similar results [13, 17-23]. The TLC values for boys, in 10 cm incre-
ments between· 120 and 180 cm in height, were not significantly different from those of 
girls (P-values between 0.14 and 0.88). The heights of boys and girls were not significantly 
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different between 6 and 12 years of age (P-values between 0.07 and 0.83). 
Fig. 3.1. 
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Similar results lI'ere fOllnd ill the girls. 
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Table 3.1. Amhropometric data and regressioll equations for DL,coiVA as fUllClioll of VA of the boys 
and girls. We peifonlled a separation ill age groups of three years. 
Height Weight TLC DLcolV A =a-bV A 
(m) (kg) (1) 
Age sex n mean mean mean 
group mlf ± ± ± b a 
SD SD SD mean±SD meai1±SD 
1.31 ± 27 2:28 11;8 • 59.6 
6"8 m 4 0.04 ± ± ± . ± 
. 3 0.4 6.4 ... 13.0 
1.26 27 2.04·· 10.3 
. 
54.4 
6-8 f 16 ± ± ± ± ± 
.. 
. 
•. 0.09 7 0.5 2.1 2.8 
1.49 38 3.37 8.3 59.1 
9-11 m 23 ± ± ± ± ± 
0.07 7 0.5 3.3 9.3 
1.47 39 3.14 8.7 58.5 
I·· 9'11 f 24 ± ± ± ± ± 
0.09 9 0.5 2.9 .. 8.9 
1.62 48 4.58 I 5.3 53:0 12-14 m· 10 ± ± ± ± ± 
1 0.13 11 1.2 . 2.0 8.6 
I. . 1.65 50 4.59. 7:2 58.8 
lH4 f 14 ± ± ± ± ± 
.. .. Q,08 7 0.7 1.9 . 8.0 
.. 
... 
. .. 1.81 . 63 .. 6.49 5.2 60,2 1 .. 15-17 m 111 ± ± ± ± ± 
0.09 8 .·.1.0 1.3 8.8 
.. 
1.65 56 4.79 6.6 . ... 58.1 
11 15-17 f ± ± ± ± ± 
.. 0.06 9 O.S ..... 1.9 7.9 
. 
.. 
. 
DLCoiVA' diffusing capacity of CO per ah'eolar volume (llmol.s·1.kPa·1.r1); TLC, total lung capacity (/); a 
(Jf11l01.s·1.kPa·1.t1) and b (jt1llOl.s·1.kPa·1.t1) are cOllSlams; II, 110 ofl'oiulileers. 
However, between 12 and 14 years of age the girls (P-value=0.03) and above 14 years of 
age the boys were significantly taller than the opposite gender (P-value=O.OI), implying 
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significantly larger TLC values (P-value=0.0003) and DLCO values at TLC (p-
value=O.OOOOO3) at a given age in boys above 14 years of age. DLCOIVA at TLC was not 
significantly different between boys and girls in all age ranges (P-values between 0.72 and 
0.S4). 
D,.co alld DW/VA dependellt 011 VA 
In all 103 normal volunteers DLCOIVA decreased linearly with VA. DLCO increased as VA in-
creased. In Table 3.1 the mean values of the anthropometric data and the slopes (column 
"b" in Table 3.·1) and intercepts (column "a" in Table 3.1) of the DLCOIVA vs VA relations-
hips are given for age groups of three years each. 
The parameters a and b of the relationship DLCOIVA = a - bVA varied substantially between 
normal subjects. Parameter a was independent of height and age, but the parameter b was 
linearly related to height (H), according to: b = c - dH. 
We assumed the following model: 
(3.9) 
in which parameters a and c were regarded as varying randomly, i.e. each individual was 
allowed to have his or her own values, and d was considered to be constant, i.e., a syste-
matic dependence of the slope on height. Significant gender difference (P-value=0.015) was 
found when a gender-related component was introduced in this model. We therefore calcula-
ted regression equations for boys and girls separately. When an age-related factor was ad-
ded to this model, it resulted in a parameter, which was not significantly different from zero 
( P-value=O.OS and 0.06 for boys and girls respectively). 
Using the RCL method [4] the resulting regression equations for DLCOIV A were: 
Boys: DLCOIVA = 5S.9 - (23.1 - 9.9SH)VA (3.10) 
with RSD = V(2.01VA' - 16.4VA + 46.6) 
Girls: DLCOIVA = 57.6 - (22.5 - 9.52H)VA (3.11) 
with RSD = V(l.SIVA' - 13.SVA + 36.7) 
To demonstrate that height is a significant factor in the slope value of both reference equati-
ons (3.10 and 3.11), we compared their predictions with all individually determined slopes. 
The differences were not significant at P-value=0.S3 and 0.60 for boys and girls respective-
ly (paired t-test). According to the model of equation 3.9, DLCO reference values can be 
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calculated according to: 
DLCO = aVA -CVA2 + dHVA2 
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DLCO can then be calculated for boys and girls by using the constants of equations 3.10 and 
3.11 respectively. At reference TLC we compared the various models in boys and girls. for 
DLco (d': eqs. 3.1.3.5 and 3.12 and 'i': eqs. 3.3. 3.7 and 3.12) and DLcolVA (d': eqs. 3.2. 
3.6 and 3.10 and 'i': eqs. 3.4. 3.8 and 3.11) (Figs. 3.2 and 3.3). The differences were 
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• equatiollS 3.3 and 3.4 
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*' equations 3.12 and 3.11 
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not significant (paired t-test 6: P-value=0.79 and 0.43; 'i': P-value=0.87 and 0.73 for 
Deco and DLcolV A respectively). For the calculation of the reference value of TLC we used 
the equations mentioned above. 
DISCUSSION 
D,CO alld Du:oIVA at TLC 
The reference values of our group of children for DLco and DLcolV A at TLC level are in 
agreement with other reference values [13-16], as illustrated in Fig. 3.1. Age did not appear 
to be a significant factor in these children. Presumably, the poor correlation with age for 
both DLco and DLcolV A depends on the variability in age at which the growth spurt starts. 
Nasr et a!. [16] found that DLcolV A was negatively correlated to TLC and not significantly 
correlated to height. Similarly, Bucci et a!. [15] found that DLco was better correlated to 
TLC than to height. In our volunteers DLco and DLCOIV A were significantly (p-
value<O.OOI) dependent on TLC (eqs. 3.5-3.8). The logarithmic regression equations on 
height (eqs. 3.1-3.4) do not provide substantially different predictions from the linear 
equations on TLC (eqs. 3.5-3.8 and Figs. 3.2 and 3.3). The similarity of the TLC vs height 
relationships of boys and girls indicates that the difference in TLC between both groups 
above 14 years of age is caused by the difference in height. The similarity in DLcolV A at 
TLC in boys and girls is in agreement with the conclusions of Cotes et a!. [13], namely that 
the proportion of the alveolar wall occupied by alveolar capillaries is the same in both sexes 
and that the difference in DLco in this age range reflects the difference in size of the lungs. 
Furthermore, the decrease in DLCOIV A during growth indicates that the increase in lung 
volume exceeds that of lung tissue and capillary surface area, resulting in less diffusing area 
relative to lung volume. 
D,co alld Df.(;oIVA dependellt Oil VA 
In our former studies [2, 3] we observed in healthy adult volunteers that DLcofV A vs VA 
yields a linear relationship, characterized by a negative slope. The regression line shifts 
downwards and the slope becomes less steep with increasing age [4]. Deco increases with 
increasing VA. Since below 20 years of age the anatomical change in volume due to growth 
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could interfere with the DieD and DiCOIVA vs VA relationships, we did not extrapolate the 
results of our former study to ages below 20 years. In children and adolescents the DLeolV A 
vs VA relationships appeared to be independent of age. Table 3.1 and equations 3.10 and 
3.11 illustrate that the slopes of the DLeolVA vs VA relationships appeared to be related to 
height. In the Appendix we present an explanation for the decrease in slope if height is in-
creasing. 
The predictions of the diffusion indexes at TLC from equations 3.10,3.11 and 3.12 were 
similar to the predictions based on equations 3.1-3.8, which were,obtained from measure-
ments at TLC only. We conclude that the equations 3.10-3.12 can be reliably used to pre-
dict the diffusion indexes at all levels of alveolar volume. 
Clinical applicatioll 
These relationships imply that comparison of DLeo and DLeolV A> determined at a lower lung 
volume than TLC, with reference values obtained at reference TLC, will lead to a relatively 
low D LCO and high DLco/V A' In patients with restrictive lung disease due to intra or extra 
parenchymal diseases, diffusing capacity is determined at a decreased TLC. In such patients 
a decreased DLco, compared with the reference value at normal TLC, will comprise the de-
crease due to the lower lung volume. However. comparison of DLco/V A with the reference 
value at normal TLC will lead to an underestimation of the change in DLcolV A' We prefer 
to compare DLcolV A of such patients at their actual decreased TLC, because it will reveal 
better whether a diffusion disorder, either due to a disorder of the membrane or to a decrea-
sed lung capillary blood volume, is present. We are aware of the fact that the comparison of 
the Dl.eo and DLcolV A in a patient with a decreased TLC with the reference values for the 
diffusion indexes at the same lung volume assumes that the effect of decreasing lung volume 
by disease has the same effect on DLeo and DLcolV A as a voluntary reduction in lung volu-
me in healthy volunteers. In absence of any evidence that the comparison of DiCO and 
DLco/V A with reference values at reference TLC is correct, we compare DLCO with reference 
values at reference TLC and DLcolV A with reference values at a volume equal to the symp-
tom limited TLC. 
To illustrate this reasoning an example of an 11 year old girl with inflammatory interstitial 
lung disease of unknown etiology, which showed gradual worsening despite agressive anti-
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inflammatory treatment, is presented in Fig. 3.4. DLCOIVA at the actual TLC of 3.15 I is 
70 % of reference DLco/V A at reference TLC. However, compared to reference 
, 
~.' ...•.•.......•...• ' •..• " •...•J •• '~.•. ' .••..••••.• !i ,---::-:-:-'---:':-~ 
-~- -- -b 
F , 
o·~~~-.~~~~~~~~~~ 
o 
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DLCr/VA liS VA ill ali 11 year old female patiellt with a heigh, of 1. 54 
111, a restrictive IUllg jUllctioll and illters/irial inflammatory challges. 
Tile dashed line represellls the predicted values, based on eq. 3.11. 
A: DLCoiVA reference value at reference TLC (3.95 I). 
D: Actual DW/l'A value at her actual TLC (3.15 I). 
*: DW/VA estimates at various volumes. Tile solid line indicates 
her aclual DW/VA VS. VA relationship. 
B: reference DLC</V" at her TLC of 3.15 I. 
F: Dw/l' .. at TLC (=2.68/) half a year later. 
c: DLCofVA reference at her TLC of 2.68 1. 
E: DLCofl'A at the same volume half a year earlier to em/llate 
the further decrease. 
DLco/V A at the actual TLC, the patient's DLco/V A is 56% of predicted. This indicates a lar-
ge decrease in diffusing capacity per liter lung volume. Furthermore, a change in lung volu-
me in this patient elicited an almost parallel change in DLCOIV A with V A as observed in nor-
mal individuals. Half a year later both DLColV A and TLC were decreased even more. Again 
the change in DLCOIVA (to 43%) is largest if compared to reference DLCOIVA at the same 
volume as the decreased TLC. 
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APPENDIX 
The height dependence of equations 3.10-3.12 
Based on the analysis of Roughton and Forster [24] we separated in previous studies [2, 3] 
the diffusing capacity in its components, the membrane conductance Dm and by analogy, 
8Q, the diffusing capacity of the total mass of erythrocytes in the capillary bed: 
I 
DLCO 1),/1 + 
I 
8Q, (3.13) 
where Q, is the volume of the capillary bed in ml and 8 the rate at which I ml whole 
blood will take up CO and Dm18Q, ~ I [25]. In normal adults the Q, vs VA relationship 
could be described by a second order polynomial with a maximum at an alveolar volume 
between 50 to 100% of TLC. In young adult volunteers the parabolic relationship had a flat 
appearance, implying an approximately constant Q, around FRC. 
Based on the diffusion equation of Fick we assumed a proportionality of Dm and the effecti-
ve diffusion area A and an inverse proportionality between Dm and the membrane thickness 
/j according to: Dm=k,A//j. 
The membrane conductance varied with VA according to Dm=kVA". where k was a proporti-
onality constant and x was a constant reflecting the type of membrane expansion. Combina-
tion of both equations results in: 
(3.14) 
In 64% of the adult volunteers x was varying around 2/3, which could be explained by an 
isotropic expansion of alveoli and a constant membrane thickness. In the remaining group of 
volunteers x was larger than 2/3, indicating isotropic expansion probably in combination 
with alveolar recmitment or a decrease in membrane thickness. The isotropic expansion 
with constant barrier thickness and the exponent 2/3 were also reported by Weibel et al. 
based on morphometric studies [26, 27]. 
When diffusing capacity is measured at lower alveolar volume V A than maximum alveolar 
volume V Ama:r, which is a fraction y of V Amal. (y= VA/V ArrJa.r..). the membrane conductance Dm 
can be derived from eq. 3.14: 
At TLC: Dm = kVA_'. 
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Thus: 
(3.15) 
Assuming that Drn/8Q. =1 [25] and Q. ~constant [2, 3], we can derive from eqs 3.13 and 
3.15: 
(IIDLCO)/(IIDLCO')=DLCO'IDLCO=(IIDm + 1I8Q.)/(IIDm' + 1I8Q.)=2y'/(1+y') 
DLCO' = (2y'/(1 +y')DLCO 
where DLCO is measured at V ~T, and DLCO' is calculated at a fraction y of V AJllfJ..T,.' 
Fig. 3.5 
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DW/VA VS VA reiatiollSliips according to eq. 3.18 for boys with 
heights oj 1.3,1.5, 1.7 and 1.9 m respectively. ne was calculated 
from TLC:=: 1.OlHJ·1 and DLCc/VA at TLC was calculated with eq. 
3.2 (solid lines). Vie dashed lilies represellt the predictions of eq. 
3.10 for the four examples. 
From eqs 3.15 and 3.16 we derive: 
(DLeolV A)' I(DLC(JV A) =DLeo' I(DLeo V AIV A=) = DLeo' I(DLeo.Y) =2y'/«1 +y')y) = 
2/(y"'+y) 
(3.16) 
(3.17) 
where DLco/V A is measured at V Ama\ and (DLC0/V A)' is calculated at a fraction y of V AmM.' 
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According to the model x =2/3 is: 
(3.18) 
In fig.3.5 the solid lines represent the calculated relationships between DLCOIVA and VA of 
boys with heights of 1.3, 1.5, 1.7 and 1.9 m respectively according to equation 3.18. TLC 
is calculated from the reference equation TLC = 1. 0lH'.QI and reference DLCOIV A at TLC is 
calculated from equation 3.2. These relationships are not linear, but are curved upwards at 
lower VA levels. This progressive increase at lower VA levels explains the steeper slopes of 
the DLCOIVA vs VA relationships when TLC is smaller. When deriving equations 3.10 and 
3.11 we assumed for reasons of simplicity in each individual subject a linear DLco/V A vs VA 
relationship between 50 and 100% of maximum alveolar volume V A=v,' In our opinion this 
was an acceptable assumption, because in 73% of the boys and in 61 % of the girls the cor-
relation coefficient was larger then 0.9. 
The dashed lines with the same intercept on the y-axis and height dependent slopes illustrate 
equation 3.10 at these heights. These lines are more or less in parallel to the solid lines of 
eq. 3.18. In individuals with smaller height (and thus smaller TLC) the prediction of the 
slope of eq. 3.10 and the calculated change in DLCOIV A from eq. 3.18 correspond accepta-
bly. Equation 3.18 is derived assuming Q, is constant when VA decreases. However, in our 
previous studies [2, 3] we illustrated in young adults that the Q, vs VA relationship had a 
maximum between 50 and 100% of 
V Ama,' A maximum in this relationship will reduce the curvature of the DLco/V A vs VA rela-
tionship, causing smaller differences in solid and dashed lines. 
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CHAPTER 4 
EVALUATION OF DIFFUSING CAPACITY IN PATIENTS WITH A RESTRIC-
TIVE LUNG DISEASE 
H. Stam, T.A.W. Splinter and A. Versprille 
This chapter has been submitted for publication. 
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The CO diffusing capacity of the lung, DLco and DLco per liter alveolar volume, DLcolV A> 
are usually estimated at total lung capacity, TLC [1) In normal volunteers DLco decreases 
and DLCOIVA increases if VA is decreased [2-12). We hypothesized that a volume restricti-
on due to a disease has a similar effect on the diffusion indexes as a voluntary volume 
reduction in normal volunteers, implying an increase in DLco/V A at the decreased TLC. 
As a consequence a decreased DLco/V A in such patients should be compared with a refe-
rence DLCOIV A at the disease limited TLC. To test this hypothesis, we aimed to study the 
volume dependence of the diffusion indexes in a group of patients, who developed· a 
diffusion disorder in combination with a volume restriction in a short period of time. Such 
rapidly developing restrictive lung disorder may occur in patients receiving bleomycin in a 
chemotherapeutic regimen. An important side effect of bleomycin is lung damage, charac-
terized by pneumonitis or diffuse interstitial pulmonary fibrosis [13, 14) with a decrease in 
TLC, DLco, or both [15). DLco appeared to be tlle best indicator of early lung damage 
[16). Tltis index enables an early discontinuation of bleomycin treatment at a stage where 
lung toxicity is still reversible [17). In a group of patients receiving bleomycin we estima-
ted DLco and DLcolV A at different lung volumes before, during and after treatment and 
compared these results with the diffusion indexes of healthy controls. 
SUBJECTS AND METHODS 
Subjects 
In 13 adult patients suffering from germ cell tumors DLco and DLcolVA were measured. 
The spirometric data before the chemotherapeutic treatment, expressed in percent of the 
reference values of the European Community for Coal and Steel (ECCS) [1), (mean ± 
SD) were: total lung capacity, TLC = 101 ± 8 %; vital capacity, VC = 99 ± 12 % and 
forced expired volume in one second as a fraction of VC, FEV/VC = 98 ± 10 %. Mean 
DLco and DLcolV A at TLC, corrected to a normal Hb concentration, were 87 ± 14 % and 
94 ± 15 % of reference [12) respectively. Their ages ranged from 20 to 35 years. 
Reference values of Hb concentration are 9.2 ± 0.5 and 8.2 ± 0.5(SD) mmolX'in men 
and women respectively, as determined in a group of 120 volunteers with the same 
demographic background in the Laboratory for Clinical Chemistry in our hospital. 
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Procedure 
In a series of 12 single breath maneuvers DLCO and DLco/V A were determined in sitting 
position at various alveolar volume levels as described previously [12]. The single breath 
procedures were perfOimed with a "Masterlab Transfer" (Jaeger, Wiirzburg, Germany). 
The interval between consecutive measurements was at least 5 min and the number of 
measurements was restricted to six a day. to minimize the influence of CO back tension. 
Back tension was neglected, because it was less than 1 % of the alveolar CO tension at the 
start of breath holding. Between the measurements we observed the ventilation visually 
and inserted a minimal period of 5 minutes between each observed sigh and the next 
measurement [4, 11, 12, 18]. The "Masterlab Transfer" used a heat conductivity type He 
analyzer, which is sensitive to CO,. Therefore, CO, is absorbed prior to both He and CO 
analysis. The expiratory gas concentrations were corrected for an absorbed volume corre-
sponding lVith 5% CO, [19]. DLco and DLColVA were expressed in "mol.s·'.kPa·' and 
"mol.s".kPa".I" respectively. 
Effects of variation in Hb concentration during the period of chemotherapy were elimina-
ted by correction according to the procedure described by Cotes [20] and advised by the 
ECCS [1]. To compare the diffusion results before, during and after the treatment with 
bleomycin lVe corrected all DLco and DLcolV A values to a patient's Hb concentration 
before the treatment. 
Protocol of the lung function study 
Spirometry, performed with a lVater-sealed spirometer, and the DLcolVA vs VA relation-
ships were determined before, after 2 and 4 chemotherapeutic treatments, and V, and 1 
year after the last treatment. 
Chemotherapy regime 
Patients were treated with combination chemotherapy, consisting of cisplatin 20 mg.m" 
days' 1-5, etoposide 100 mg.m" days 1-5 and bleomycin 30 mg i.v. push on day 2,9 and 
16. Courses were repeated. every 3 weeks. The maximum total dose of bleomycin was 360 
mg. 
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RESULTS 
In all patients the Hb concentration was significantly decreased with respect to the initial 
Hb concentration due to the chemotherapy (Tables 4.1 and 4.2; paired t-test P-value< 
0.00001 after two and four treatments respectively). After two treatments with bleomycin 
the mean decrease in Hb concentration was II % and after four treatments 19%. 
We separated the patients in two groups, one in which TLC decreased more than 10% of 
the pretreatment TLC (Table 4.1.) and another in which TLC was less than 10% different 
during the chemotherapy from baseline TLC (Table 4.2.). 
DLet/VA VS VA relationships 
A typical example of the relationships between the diffusion variables and V A before and 
after 4 treatments with bleomycin (solid lines) and after a period of \12 and I year recove-
ry respectively (dotted lines), is given in Fig. 4.1 for a patient in which both DLcoIV A, 
DLco and TLC are decreased due to chemotherapy. The dashed lines in this figure repre-
sent the volume dependent reference values according to the RCL method [12]. The 
Deco/VA vs VA relationship before treatment is close to this reference line. The DLcolV A 
vs VA relationship after 4 treatments nearly runs parallel to this reference equation. The 
DLco/V A vs VA relationship was increased after a half year of recovery, but did not 
improve further in the next half year. If we regard the initial value of Deco/VA at the 
initial TLC to be 100%, we observed a decrease in DLcolVA at the symptom limited TLC 
after 4 treatments with bleomycin of 25 % of the pretreatment value at TLC. When we 
compared DLColV A after 4 treatments with the pretreatment DLcolV A at the same volume 
level as the symptom limited TLC we observed a decrease by 36%. An example of a 
patient, in which we observed a decrease in the diffusion variables due to 4 treatments 
with bleomycin without a change in TLC is given in Fig. 4.2. This patient already had a 
decreased diffusing capacity before the treatment with bleomycin. However, the relations-
hips of Deco vs VA and DLcolV A vs V A before treatment were in parallel to his correspon-
ding reference lines. The relationship after the chemotherapy, remained in parallel to the 
volume dependent reference equations [12]. Half and one year after the treatment the 
relationships were partly recovered and remained in parallel to the initial relationships. 
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All indh'idual example of DW/VA l'S VA alld DLeo l'S VA relationships 
respectively before alld after four courses with bleomycin cOllfaining 
chemotherapy (solid lilies) and after a half and one year recovery 
(dotted lilies) ill a patient, who developed a diffusion disorder as 
well as a l'Olume restrictioll. The dashed lines represent the volume 
depelldellf reference values [12]. 
• " Before chemotherapy. 
J. .' After four courses with bleomycin c01lfaillillg chemotherapy. 
o .' Half a year after the last treatmellf. 
v .' aile year after the last treat11leJll. 
A .' Dreo/VA alld DLCO values at illitial TLC. 
B .' DLCfjVA alld DLeo values at tile disease limited TLC after 
four courses with bleomycin colltailling chemotherapy. 
C .' Dw/VA and DLeo values before chemotherapy at all alveo-
lar volume equal to the TLC after chemotherapy. 
C' : DLCc/VA and Dreo reference values at all alveolar volume 
equal to the TLC after chemotherapy. 
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(dolled lilles) in a po/ielll, who developed a diffusion disorder wit-
hout a volume res/ric/ioll. 11,e dashed lilies represellt the volume 
depelldelll referellce values [12]. 
• " Before chemotherapy. 
... : After four courses with bleomycin containing dlemotherapy. 
o " Half a year after the last treatment. 
v : Olle year after the last (rea/mem. 
A : Dice/V", and Dleo values at initial TLC. 
B .' DLCciVA alld DLeo values at TLC after four courses with 
bleomycin cOllIaining chemotherapy. 
A' : DwlVA and DLeo reference values. 
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Table 4.1. Challge ill llb cOJlcelllratioll, TLC alld Dr,cofVA vs VA relationship depelldellf Oil the stage of the 
chemotherapy ill the patients, who developed a restrictive ventilatory defect. 
DlCci/V A 
DlColV A =aTb VA jtmol.s-l.kPa-J .tl 
Nr. After hleomyciue Hb TLC (%Pretrealment) 
treatment' and (mmol.l-1) (1) At actual A(~qual 
I 
recovery b a r TLC tung 
. volume '" 
pre . 9.6 8.00 3.91 60.21 -0.98 28.9(100) 34.0(100) 
21 8.7 7.77 4.44 60.36 -0.96 25.9(90) 30.ti(9O) 
1 4( 8.0 6.71 4.30 53.83 -0.98 25.0(87) ·25.0(74) 
Vzy 9.7 7.13 4.!! 53.Q7 -0.97 23.8(82) 255(75) 
:e-
Iy 9.3 7.35 4.26 56.27 -0.98 25.0(87) 27.7(81) 
··-pre 9.8 7;56 2.31 40.23 -0.99 22.8(100) 24.6(100) 
2 2( 8.2 7.91 2.76 41.37 -0.99 19.5(86) 24.7(92) 
4( 5.6 6.78 2.30 34_62 -0.99 19.0(83) 19.0(77) 
pre 9.5 7.13 3.02 5UO -0.97 29.6(100) 33.9(100) 
2( 7.9 7.21 3.04 45.10 -0.96 23.2(78) 27.7(82) 
3 4( 6.2 5.72 3.09 39.28 -0.89 21.6(73) 21.6(64) 
'hy 8.8 6.54 2.90 46.77 -0.97 27.8(94) 30.2(89) 
Iy 9.2 6.61 2.82 45.83 -0.98 I .. 27.2(92) 29.7(88) 
pre 9.3 9.43 1.24 31.02 -0.93 19.3(100) 21.0(100) 
4 2( 7.6 9.39 1.39 31.61 -0.95 18.6(96) 20.3(97) 
4( 6.5 8.!! 1.83 32.55 -0.92 17.7(92) 17.7(84) . 
. 
pre 9.7 7.42 3.03 43.55 -0.92 21.1(100) 24.6(100) 
5 21 . 
. 
6.4 7.15 2.93 41.36 _0.95 20.4(97) 23.0(93) 
41 6.8 6.26 2.39 37.06 -0.80 22.1(105) 22.1(90) 
pre 7.6 5.67 3.66 43.28 -0,95 22.5(100) 25.2(100) 
6 21 5.7 5.62 3.32 37.42 -0.92 18.8(84) 21.0(83) 
41 6.0 4.95 3.06 33.61 -0.91 18.5(821 18.503) .. 
For explanation see Table 4.2 
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Table 4.2. Change ill Hb cOllcellfratioll, TLC alld DLCoiVA VS VA relationship depende11l 011 fhe stage of the 
chemotherapy ill the patie11ls, who did 1/01 develop a restrictive velllilafory deject. 
... .. 
. . 
. Pu:QfVA'-
. 
DlCoIV A =a·bV A Jlmo1.s·l.kPifl;I~1 
Nr. After bleomycine Hb TLC (%, pr~I(~atilienO 
.. 
treatment and re- (mmol.!"I) (I) At actual" A'equal 
covery b . a r 1 TLC .. lung 
• 
. I .. i ,:' yolume ~ 
.... 
pre .. .. 10.2 6.96 2.08 41.81 ,0.97 27.3(100) 27.8(100) 
. i,. . ...... 1 7.8 7.12 2.56 41.22 ,0.95 23.0(84) 24.0(86) .. 
I ... 4, 8;0 6.74 2.44 42.49 ,0.98 26.0(95) 26.0(94) . 
. 
'by .. 9.6 . 6.70 2.05 39;69 ·0.91 26.0(95) I 25.9(93) 
•• 
Iy 10.0 6.44 1.75 36.99 ·0.88 25.7(94) 25.2(91) 
~ 
pre 9.1 8,46 2J2 35.88 ·0.96 17.9(100) 1<).I(Jooj 
. 2, 8.5 8.23 2.08 33.92 ·0.93 16.8(94) 1 ··17.5(92) . 
2 ... 4' 6.8 .•. 7.91 2;10 31.96 '0.93 15·4(86) 15.4(81) 
. 
'hy .. 9.6 8.26 2.34 35.58 ·0.97 )6.3(91)· ... 17.1(90)· .. 
Iy 10.3 7.62 2.13 34.13 ·0.98 .11.9(100) 17.3(91) 
. 
9.8 6.88 4.41 55.92 '0.96 25.6(100) I·· 26.1(100)· pre 
2, . 9.1 6.90 4.96 53.34 ·0.96 19;1(15) 19.8(16) 
3 . 4, •• 5.9 6.76 4.79 52,47 ·0.91 20.1(19) 20.1(11) 
I 
.'/zy 8.9 6.41 5;01 55.08 ·0.99 23.0(90) •• 21.2(81) 
I .. Iy 8;8 . 6.49 5.78 60.63 ·0.99 I 23.1(90) ZL6(83) 
pre·· ... 7.3 7.40 2.82 41.l4 ·0.91 Z().3(IOO) . i9.4(100) 
I 2, 6.4 8.09 2.95 41.68 -0.88 11.8(S8) . 19.0(98) .. 
4 . 4' 5.9 7.70 2;90 42.37 ·0.88 20.0(99) 20.0(103) 
... Vzy 8.0 7,46 2.99 42.80 ·0.89 20.5(101) 19;8(102) ... 
Iy 8.6 8.10 3.10 43.95 ·0.93 18.8(93) 20.1(104) 
I pre 9.8 7.89 4.29 57.01 ·0:96 23.2(100) 23.8(100) 
2, 8.0 . 8.59 3.83 52.35 ·0.93 19.5(84) .. 22.7(95) 
5 4, 7;8 7.75 4,19 5L74 ·0.91 19.3(83) .. 19.3(81) 
'bv 9.4 7.61 4.60 60.22 ·0.94 25.2(109) 24.6(l()3) 
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pre 8.1 6.30 3,04 38.52 ·0.91 19.4(100) . 18.2(100) 
2t 6.5 6.62 2.78 34,04 -0.92 15.6(80) 15.5(S5) 
6 41 5.5 6.67 2.42 32.47 ·0.91 16,3(84) 16.3(90) 
Ihy 8,2 6.66 2.02 32,70 ·0.88 19.3(99) 19,2(105) 
pre 9.1 7.73 1.47 36.54 -0.91 25.2(100) 25.3(100) 
2t 8,3 7.55 1.18 31.08 -{J,n 22.2(88) 22,0(87) 
7 41 7.0 7,66 2,66 38,17 -0.94 17,8(71) 17.8(70) 
'hy 8.4 7.19 1.87 35.45 -0,83 22.0(87) 21.1(83) 
pre - Before chemotherapy 
2t - After two treatmellts with bleomycin 
4t - After fOllr treatments with bleomycin 
0y - Half a year after the last (fourth) treatment with bleomyciJl 
ly - A year after the last (fourth) trealmelll with bleomycin 
* -Lung m/ume is TLC after fOllr Bleomycill courses 
11/ Table 4.1 patients 2 alld 4-6 and ill Table 4.2 patiems 5-7 the protocol is 1101 jiJlished yet. 
Within parellfheses we erpressed DLCof\'A ill percentage of pretreatmellt value at pretreatmelll TLC alld at 
similar lung mlflme respectively. 
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In all patients we found a linear relationship between DLcolV A and V A (Tables 4.1 and 
4.2). The slope b of the DLCOIVA vs VA relationships, corrected to the initial Hb concen-
tration, was not significantly changed by four chemotherapeutic treatments (paired Hest P-
value=0.30). However, the relationships of DLCOIVA VS VA shifted downwards, implying 
that DLCOIV A at TLC after four treatments with bleomycin was significantly decreased with 
respect to its pretreatment DLcolV A at the same lung volume (paired t-test P-value= 0.001 
and 0.01 in both groups respectively). 
In the Tables 4.1 and 4.2 we presented the comparison of DLcolV A at actual TLC during 
chemotherapy with the pretreatment DLcolV A at pretreatment TLC and the DLcolV A values 
before and during bleomycin treatment and recovery at a lung volume equal to the TLC 
after four treatments with bleomycin. In the patients who developed a volume restriction 
(Table 4.1) the comparison of DLCOIVA at equal lung volume resulted in a larger relative 
decrease in DLco/V A than its comparison with DLco/V A at pretreatment TLC (paired t-test 
P-value=O.0007). In the patients who did not develope a volume restriction (Table 4.2) 
both methods to evaluate the decrease in DLCOIV A lead to similar relative changes (paired 
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t-test P-value=O.86). After four bleomycin courses mean DLCOIVA was 77% and 85% of 
the pretreatment DLcolV A at the same volume level in the patients with and without a 
development of a restrictive lung volume respectively. These percentual DLCOIV A values 
were not significantly different (P-value=O.19). 
DISCUSSION 
DLC(JVA VS VA re/atio/lShip 
Bleomycin did not change the individual slopes of the DLCOIVA vs VA relationships. In 12 
out of 13 patients these relationships shifted significantly downwards with increasing 
bleomycin dose. An unchanged slope of DLCOIV A vs V A is in support of our hypothesis 
that the effect of decreasing lung volume by bleomycin treatment is similar to the effect of 
voluntary reduction in lung volume in healthy volunteers. Furthermore, it might be an 
indication that alveolar membrane expansion is unchanged. 
DLco and DLCOIV A at actual TLC after chemotherapy is usually compared with the diffusi-
on indexes at TLC before treatment [14, 21]. In the patients of table 4.2 a decrease in 
level of the DLco/V A VS V A relationship was observed without a significant decrease in 
TLC. In such group of patients the usual comparison can be maintained. In the patients 
who developed a volume restriction (Table 4.1) the difference between DLCOIVA at actual 
TLC during chemotherapy and the pretreatment DLcolV A at TLC before chemotherapy was 
significantly smaller than the difference in DLCOIV A at comparable lung volumes in those 
stages of the treatment where lung volume was decreased (Fig. 4.1). We concluded that 
the comparison of DLCOIV A at the disease limited TLC with the DLCOIV A at the initial or 
reference TLC implies an underesthnation of the diffusion disorder. 
To evaluate the individual decrease in total diffusing capacity we compared DLCO after 
chemotherapy with the pretreatment DLCO at initial TLC. The difference between both 
values reflects the total effect on DLCO by reduction in hemoglobin, volume restriction and 
alveolar capillary diffusion disorder. To evaluate the alveolar capillary diffusion disorder, 
we eliminate the effect of hemoglobin by correction, and compare DLCOIV A after chemo-
therapy with pretreatment DLCOIV A at a lung volume equal to the symptom limited TLC. 
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For routine lungfunction testing the estimation of D LCO and DLco/V A at a large number of 
alveolar volumes is time consuming. Therefore, we would recommend to determine the 
relationship between DLcolV A and VA before chemotherapy and to estimate DLCOIV A 
during the courses of medication at the actual TLC only. 
If the pretreatment diffusion indexes are already decreased (Fig. 4.2), a decrease as large 
as in patients with normal pretreatment values could imply a decrease to a critical level of 
gas exchange. In these patients it might be important to follow up DLco and DLcolV A more 
frequently during the treatment and to compare them to their pretreatment as well as their 
reference values [12]. 
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CHAPTER 5 
ESTIMATION OF THE CO TRANSFER FACTOR OF THE LUNGS 
DURING SPONTANEOUS BREATHING 
H. Starn, A. v.d. Beek, K. Griinberg, M.A.J. de Ridder and A. Versprille 
This chapter has been submitted for publication. 
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The diffusing capacity of carbon monoxide (Deco) and DLco normalized to alveolar volume 
(DLcolV A) are usually estimated with the single breath method at total lung capacity (TLC) 
[for references see I]. With this method a breath holding period of 10 s at TLC-level is 
necessary. Not all severely ill patients are able to perform this procedure. Some cannot 
hold their breath for 10 s at TLC and others have a too small vital capacity (VC). For a 
proper single breath procedure a minimal VC of about 1.5 I is necessary [2, 3]. To study 
the diffusion variables in such patients rebreathing methods have been developed [4-11]. 
In these methods CO, was not absorbed and 0, not supplied. S<I>lvsteen [12-14] described 
a system applicable during increased ventilation, in which 0, was supplied, but CO, was 
not absorbed. As a consequence, the measurement period of these methods is short. 
Furthelmore, the measurements are usually performed during voluntary hyperventilation 
to approximate one compartment for the alveolar volume, the dead space and the volume 
in the rebreathing device. 
Patients who are too ill to perform a single breath test, also will have problems with a 
hyperventilation procedure. Therefore, we developed a rebreathing method at normal, 
spontaneous resting ventilation. Then CO, has to be absorbed and 0, supplied. Because 
our rebreathing procedure is different from the other rebreathing methods mentioned 
above, we derived reference equations from our results in both adults between 20 and 70 
years and children between 6 and 20 years of age. 
To study whether the rebreathing metllod at resting ventilation is reliable to detect a 
diffusion disorder, we compared in different types of patients the diffusion indexes, 
expressed in percentage of the reference values, with those obtained with the single breath 
procedure, also in percentage of the corresponding reference values. 
METHODS 
Normal Subjects 
In 196 healthy volunteers we determined DLco and DLcolV A with the rebreathing method 
after infOlmed consent. The protocol was approved by the Erasmus University review 
board for human studies. The population was recruited from citizens of Rotterdam and its 
suburbs, an industrial Dutch area. All were caucasians without any sign of a respiratory 
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disease. They had no history of chronic pulmonary or cardiac disease, thoracic surgery or 
any other disease which might influence the respiratory system or the general state of 
health. During three weeks prior to the investigation the volunteers did not experience an 
upper respiratory tract infection. They were nonsmokers and had no contact with harmful 
substances, which could affect the lung function. We separated the volunteers in two age 
groups: one from 6 to 20 years (n=103, 53\' and 500) and the other from 20 to 70 years 
(n=93, 40\' and 530). We selected normal adults with a weight range within 20% of 
ideal body weight. To estimate ideal body weight we used the modified Metropolitan Life 
Insurance Company charts [15]. All adults had normal lung volumes in % of the reference 
values of the European Community for Coal and Steel (ECCS)· [3] and a normal single 
breath DLco in % of reference values at TLC [16], (mean ± SD); males: TLC = 104 ± 
9%; YC = 108 ± 11%; FEY, = 102 ± 12%; DLco single breath = 98 ± 10% and 
females: TLC = 107 ± 9%; YC = 110 ± 13%; FEY, = 104 ± 11 %; DLco single 
breath = 93 ± 11 %. 
For the group between 6 and 20 years of age we selected a representative sample of 
normal Dutch children. In 95 % of the children weight and height were between the 3" 
and 97" percentiles of the Health Interview Survey of Statistics Netherlands [17] 
respectively. The remaining volunteers were taller and the weight was larger. We 
compared their pulmonary function data with the references of Zapletal [18], (mean ± 
SD); boys: TLC = 93 ± 10%; YC= 98 ± 8%; FEY, = 98 ± 10%; DLco single breath 
= 101 ± 11 % and girls: TLC = 93 ± 9%; YC= 101 ± 9%; FEY, = 103 ± 10%; 
DLco single breath = 94 ± 10%. 
Patiellts 
We compared the diffusion indexes obtained with the rebreathing method with those 
obtained with the single breath method in 33 patients. We determined the mean of three 
values with each method. Because the single breath and rebreathing method were 
performed at different lung volumes, TLC and FRC + 'hYT respectively, we expressed 
the diffusion indexes in percentage of the corresponding reference values. In the patients 
with a restrictive lung function, we used single breath reference values, in which the 
smaller TLC than reference TLC was taken into account [16]. 
We compared both methods in patients with equal as well as unequal distribution of 
Table 5.1. Anthropometric alld lung junction data of a group of patiellfs without \'ellfilatioll distribution 
disturbances. The lung fllnctioll data are expressed as a percelllage of reference values [3]. 
sex Age H IV Hb Diagnosis TLC VC RV FEV,IVC TLC 
no mff (y) (m) (kg) (mmol.l·') (mb) (%) (%) (%) (sbfmb) 
.. (%) 
1 f 61 1.55 n 6.3 Hepato-Pulm. 99 112 90 69 0.98 
Syndrome. 
2 f 34 1.58 50 8.2 Fibrosis 58 45 88 43 0.91 
3 f 65 1.60 65 7.9 Fibrosis 59 73 46 99 0.97 
4 III 32 1.76 63 6.2 Status after 82 84 75 95 0.96 
. bleomycin . 
5 m 39 1.82 84 8.3 Status af(er 67 67 73 81 0.96 
Hodgkin 
6 m 62 1.80 68 7.7 Post HTX 88 83 104 94 0.88 
7 m 65 1.81 73 10.2 Emphysema 99 110 89 70 0.91 
+ CHF 
8 f 71 1.50 56 8.6 Sarcoidosis 71 80 71 98 0.98 
9 m 63 1.98 95 10.3 Emphysema 91 94 96 72 0.88 
+Fibrosis 
10 f 57 1;60 68 8.8 Sjogren 90 115 57 105 1.00 
Syndrome 
11 m 20 1.85 77 9.7 Status after 91 88 103 100 0.99 
bleomycin 
12 m 49 1.12 97 8.7 Post Tuberculo- 92 94 92 95 0.91 
sis 
13 m 28 1.71 90 10.0 Status after 98 101 86 85 1.00 
bleomycin 
14 f 46 1.64 72 6.4 LIP 55 55 58 . 106 0.97 
15 f 73 1.54 63 6.4 CHF 107 123 104 90 0.90 
16 m 29 1.87 74 6.4 Status after 102 90 143 113 1.00 
bleomycin 
17 m 57 1.75 10 9.1 Pneumonecto 83 19 96 100 0.92 
my + RTh 
18 m 42 1.86 94 9.0 Sarcoidosis 80 79 86 82 0.97 
19 f 22 1.63 59 7.6 AI\,. Proteinosis 69 64 80 102 0.93 
20 m 69 1.72 50 7.8 COPD 68 62 84 98 0.91 
21 m 58 1.78 95 8.5 Pleural Thicke- 100 106 95 93 0.99 
ning 
22 m 19 1.83 91 8.6 Status after 96 103 73 96 1.00 
bleomycin + 
. 
RTh 
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Table 5.2. Alllhropometric alld lung function data of a group of patients with vemilalioll distribution 
dislUrballces. The fung fUllction data are etpressed as a percentage of reference values [3]. 
sex Age H W Hb Diagnosis. TLC VC RV FEV,NC 
no mlf (y) (ill) (kg) (mmol.I-I) (mb) (%) (%) (%) 
(%) 
1 ill 63 1.74 76 8.4 -Asthma 125 131 125 77 
2 ill 68 1.75 83 9.4 Emphysema 89 92 91 64 
3 III 77 1.63 53 8.3 Status after 76 64 96 112 
thoracotomy 
4 m 64 1.69 65 8.5 Status after 78 72 92 88 
RTh 
5 ill 64 1.71 61 7.6 COPD 91 80 117 50 
recurrent 
Aspic. 
6 m 66 1.77 93 9.5 Status after 88 55 152 64 
HTX 
7 ill 70 1.85 98 8.6 Emphysema 96 75 143 58 
8 f 64 1.53 44 8.0 Fibrosis 53 57 53 100 
9 m 73 1.72 62 8.2 Emphysema 118 82 181 43 
10 f 41 1.67 107 7.9 Status after 107 85 156 78 
HTX 
11 f 64 1.52 62 .. Hepato-Pulm. 108 126 97 85 
Syndrome 
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TLC 
(sblmb) 
0.84 
·0.84 
0.82 
0.85 
0.70 
0.62 
0.73 
0.69 
0.76 
0.84 
0.84 
ventilatOlY air. Ventilation distribution was evaluated on basis of the ratio between TLC 
determined with the single breath test (TLC'b) and TLC detennined with the Illultiple 
breath He washin method (TLCmb). A TLC'b/TLCmb ratio larger than 0.85 has been 
regarded as an indication for nOlmal ventilation distribution [19]. In the group of patients 
we corrected the diffusion indexes for abnormal Hb concentrations. This correction was 
performed according to the procedure described by Cotes and recommended by the ECCS 
[3, 20]. We used 9.2 ± 0.5 (SD) mmol.l'1 (n=120) and 8.3 ± 0.5 (SD) mmol.l'1 
(n= 120) as reference Hb concentration in men and women respectively. These reference 
values for Hb concentration in a group of healthy volunteers with the same demographic 
background, have been determined in the Laboratory for Clinical Chemistry of our 
hospital. The lung function data of these patients are presented in Tables 5.1 and 5.2. 
Single breath method 
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We followed the single breath procedure as recommended by the ECCS [3]. The subjects 
expired to residual volume (RV) and inspired vital capacity (VC) of a gas mixture 
containing about 0.25% CO, 5% He, 20,9% 0, and balance N" and held their breath at 
TLC. Breath holding time was taken to start when 30% of the volume had been inspired, 
and to end when half of the expired sample had been expired [21]. Overall breath holding 
time slightly exceeded 10 s. Inspirations and expirations were performed rapidly. 
SalloWs 
O. supplamentationc-
; ... , ·o;Sodalime 
He,GOiO. 
analysis 
Fig. 5.1. Rebreathillg circuilllsed to measure FRC and diffusing capacity. 
The vah'e near the mouth permitted tile l'oiullteers to breath room 
air before COlll/eelioli fO the rebrea/ilillg system. Aftmher descripti-
011 is givell ill Ihe text. V,.h,: Volume of rehrea/hillg system before 
the COllnectioll of the paiieur,' Fu~rCO: CO fraction ill the rebreathillg 
system; VD.4,op: Dead space of the apparatus: VDM,' Anatomical dead 
space, 
Alveolar fractions of CO and He were obtained from expired gas after discarding 800 ml 
for washout of airways and apparatus dead space. The size of the alveolar sample was 800 
m!. Maneuvers were performed with a "Masterlab Transfer" (Jaeger, Wiirzburg, Germa-
ny). The interval between consecutive measurements was 5 min. To minimize CO back 
tension, we restricted the number of consecutive measurements to six. In the single breath 
procedures back tension was ignored, because it was less than 1 % of the alveolar CO 
tension at the start of breath holding. We used a heat conductivity type He analyzer, 
which is sensitive to CO,. Therefore, we absorbed CO, prior to both He and CO analysis. 
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The remaining gas concentrations were corrected for an absorbed volume corresponding 
to 5% CO, [22]. 
DLeo and DLeoiVA were expressed in I'mo!.s·'.kPa·' and I'nlO!.s·'.kPa·'.I·' respectively. 
Rebreathillg method 
Our rebreathing system (Fig. 5.1) cOl15isted of a bellows, which was compel15ated for its 
weight by a rolling string, a soda lime container, a blower, a tubing system and a valve at 
the mouthpiece. During a rebreathing procedure CO, was fully absorbed by soda lime. 0, 
concentration was kept between 20 and 22 %, guided by measurements of 0, 
concentration. O2 was supplied to the tube through which the patient's expiratory air 
returned to the bellows, where mixing occurred before the next inspiration. The minimum 
volume of bellows, ventilator, tubes and valve was about 2.5 1 and was estimated before 
each observation by means of He dilution. The ventilation of a volunteer or a patient was 
measured with a displacement transducer (Schaevitz Type 3002 XS-D), connected to the 
bellows. Because we intended to analyse only slowly changing gas concentrations in the 
rebreathing system, we used relatively slow gas analyzers. He, CO and 0, concentrations 
were analyzed continuously, using a heat conductivity type He analyzer, an infrared CO 
analyzer and a paramagnetic 02 analyzer (Jaeger, Wiirzburg, Germany). The gases 
returned to the system after analysis. A computer sampled the signals of He, CO, 0, and 
volume at a frequency of 20 Hz. Before each measurement the rebreathing system was 
filled with 5% He, 0.3% CO, 20.9% 0, and balance N,. The apparatus dead space 
between patient and valve was 20 m!. The patient was connected via this valve to the 
system at end-expiration. Functional residual capacity, FRC, was estimated by the 
distribution of He. In a pilot study we measured the temperature and relative humidity 
during the rebreathing procedure in the bellows system. After a few minutes of 
rebreathing temperature stabilized at 25°C and the relative humidity appeared to be 100%. 
We calculated FRC from the He mass balance and corrected it to BTPS conditions, 
assuming an equilibrium temperature equal to 25°C and a relative humidity of 100%. 
After He dilution was completed the exponential decay in CO fraction in the bellows was 
determined until CO fraction had decreased to about 3 % of the initial Feo as a measure 
for the total gas transport from mouth to capillary blood (Fig. 5.2), according to: 
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Fea ::: Fea e -kt 
, 0 
(5.1) 
giving: 
(5.2) 
The whole procedure lasted 3 to 5 minutes in healthy volunteers and 3 to 8 minutes in the 
patients with a diffusion disorder. The In(Fco) vs time relationship needed to be linear and 
the slope k was used to calculate the diffusion parameters. 
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Time (8) 
A logarithmic recording of He- alld CO-collcelllraliolls (dotted lilies) 
alld the lu(F coJ vs time relationship corrected for back pressure 
(colltillftolts lille), The e\pollelltial decay ill Feo between both \'erti-
cal dotted lines was llsedfor analysis, 
If at low CO fractions the In(Fco) vs time relationship curved upwards, we linearized it by 
substraction of a small CO fraction (FCOwr) from the measured Fea. assuming that the 
deviation from linearity was caused by back tension. With an iterative procedure an 
optimal correction was found if the correlation coefficient for the linear In(Fco-Fco<",) vs 
time relationship was maximal. A too large Feocer deflects the In(Fco) vs time relationship 
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downwards at low CO fractions. To test the reliability of this mathematical procedure we 
compared the calculated Fcocor with the CO fraction due to back tension (FCOback)' Directly 
after the measurement of the diffusing capacity we measured the back tension by a 
rebreathing procedure without addition of He and CO for at least 5 minutes, according to 
the procedure described by Cotes [20] and recommended by the ECCS [3]. 
The calculated diffusion constant k for the exponential decay in CO represents the CO 
disappearence from the total volume of lungs and rebreathing system together (FRC + 
V,,",). However, with a mean tidal volume (VT) and an anatomical dead space (VDA,.) CO 
uptake occurred in a mean alveolar volume, equal to: FRC-V DM + V, V T' Accordingly, we 
corrected the measured diffusion constant k according to: 
(5.3) 
where Vrebr is the volume of the rebreathing system before connection of patient or 
volunteer, including an apparatus dead space of 0.020 liters; VDA, is the reference value 
for the anatomical dead space in liters, found from body weight in kg times 0.0022. All 
volumes in this formula were recalculated to STPD conditions. The ratio between FRC 
and Vrebr determined the correction factor, which was in our system approximately 2. 
At infinite ventilatory rate FRC and V,,,,, are one compartment theoretically. At normal 
ventilatory rate this is not tlUe, due to delay of mixing between both compartments. 
Therefore, we also studied the influence of alveolar ventilation VA' on the rebreathing 
diffusing capacity. V A' was found from total minute ventilation corrected for the reference 
anatomical dead space and the dead space of the apparatus (0.020 liters). We compared 
rebreathing DLcoiV A at various alveolar ventilations with the relationship between single 
breath DLcoiVA and VA' DLcoiVA VS VA yields a linear relationship in normals [1, 16,23]. 
We varied minute ventilation in these measurements by varying the breathing frequency, 
while V T was kept as constant as possible. Although we examined patients during resting 
ventilation, a considerable variation in ventilation occurred between subjects. Therefore, 
we determined reference values of the rebreathing diffusing capacity at least at three 
different VA' levels, containing one measurement at resting ventilation, in each normal 
volunteer. 
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Statistics 
We perfOlmed stepwise multiple regression analysis using the SAS PROC MIXED 
program [24L assuming a compound symmetry covariance structure for the observations 
of each individual. Differences between two groups of data were regarded as significant at 
P-value<0.05. 
RESULTS 
Mathematical COI7'CCtiOIl for back tellsioll 
Feown calculated with the iterative method (Fig. 5.2), was compared in 31 subjects with 
Fcobacl;' We determined FCObad immediately after the measurement of the rebreathing 
diffusing capacity. 
n 
30.---------------~----------~ 
Fig. 5.3. 
X10'5 
Frequency histogramjor the difference between the mathematically 
obtained linearization jactor FCOrorr and backpressllre FCOb«k 
(1I~31). 
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Mean Fco,", was 0.000029 with a SD of 0.000011 and mean Fcoboc' 0.000027 with a SD 
of 0.000013. Fco,", was not different from Fcob", at P-value=0.47, paired t test. The 
frequency histogram of the differences between the mathematically obtained correction 
value and the measured back tension (Fig. 5.3) illustrates that in 25 of the 31 observations 
Fcocor and Fcoback were identical. The correction with use of Fcobad: increased DLCO and 
DLcolV A on average by 7 ± 4 (SD) % and the correction with use of Fco,", resulted in an 
increase of 8 ± 4 (SD)% of the uncorrected DLCO and DLCOIVA values. In normal 
volunteers a correction for Fcoback of 0.00001 appeared to increase DLCO and DLco/V A by 
2.6 ± 0.7 (SD)%. Therefore, the maximum difference Fco,", - Fcob", of 0.00002 resulted 
in an overestimation of DLCO and DLco/VA of about 5.2%. 
Comparisoll of ,ebreathillg alld sillgle breath Dw)VA 
In 7 healthy individuals we determined DLcolV A with the single breath method at various 
alveolar volumes as well as DLcolV A with the rebreathing method at various minute 
ventilations (Table 5.3). 
A typical example of the single breath DLcolV A vs VA relationship and the rebreathing 
DLco/VA as function of VA' in one subject is illustrated in Fig. 5.4, where mean alveolar 
volume during rebreathing (VA.,) was 3.2 ± 0.8 liters (mean ± 2SD). Above an alveolar 
ventilation of 35 l.min" DLcolV A determined with the rebreathing method was similar to 
DLCOIV A obtained with the single breath method at the corresponding alveolar volume of 
3.2 ± 0.8 liters (2SD). TIllS result illustrates the dependence of the rebreathing DLCOIVA 
on the alveolar ventilation VA', The two smallest DLco/V A and alveolar ventilation values 
in Fig. 4b were obtained during resting ventilation. If alveolar ventilation increases, 
DLCOIVA increases linearly with VA' up to a value of 20 l.min'l The same was found in all 
7 volunteers as shown in Table 5.3. Above an alveolar ventilation of 30 l.min'i the mean 
of the absolute values of the rebreathing DLCOIVA was 97 ± 7(SD)% of the single breath 
DLCOIVA at a comparable level of VA' Although this value was significantly different from 
100% (P-value=O.03) the DLCOIVA values during hyperventilation can be regarded shnilar 
to the single breath values. 
Table 5.3. Comparison of single breath and rebreathing Dw/V,., aI the same alveolar volume and at normal as well as hyperventilaIion. 
Single Breath VA' <20 tmin·) V; > 30l.min·) 
DLCoIVA=·aVA+b Rebreaihing Equal VA 
Subj. Age DLColV A =cVA' +d 
nr. a b r c d r VArebr DLcoIV A rebr 
I f'lllol.s·).kPa·).P 
±ISD ±1SD 
1 45 2.95 45.2 -0.92 0.84 8.32 0.94 3.2±0.4 35.7±2.4 
2 23 4.52 62.2 -0.89 0.53 17.5 0.66 4.3±0.3 40.0±4.2 
3 23 4.58 63.4 -0.95 1.06 8.80 0.87 3.7±0.1 45.9±1.1 
4 38 2.52 45.2 -0.84 0.89 9.74 0.99 3.2±0.1 
.. 
37.2±2.2 
5 57 1.65 35.0· -0.89 0.40 15.4 0.98 4.0±0.5 25.2±1.6 
6 55 2.62 42.8 -0.91 16.5 0.73 0.98 2.8±0.1 36.0±1.3 
7 26 3.67 53.0 -0.92 11.8 0.62 0.90 4.2±0.02 33.6±0.6 
DLColVA sb 
,umoIS).kPa:).l·' 
±ISD 
35.8±1.0 
42.6±1.5 
46.3±0.7 
37.1±0.3 
28.4±0.9 
35.4±L3 
37.7±2.7 i 
~ 
Q 
~ 
~ 
v, 
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171;S area corresponds with the hatched area ill b, TIle dashed line 
ill b is the linear regression line Jar the DW/VA \'s, VA' relationship 
up to a VA' oj 20 l.mill'l. 
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Referellce values 
We estimated reference values for DLCO and DLCO/VA> in which VA and VA' were 
variables. To derive reference equations we selected all results at VA' smaller than 20 
l.mirrl in the adults. In children (6-18 years) we took an upper limit of 15 l.min·l. 
In the group of adults DLCO and DLcoiV A decreased significantly (P-value < 0.0001) with 
age (A). DLCO was positively and DLcoiVA negatively related to VA (p-value<O.OOOI). 
Both were positively related to VA (P-value<O.OOOI). The relationships between DLCO 
and DLcoiV A respectively and V A, V A and A appeared to be significantly different for 
men and women (P-value<O.OOOI). Between 20 and 70 years of age we found: 
Males: 
Females: 
~ 9.5VA+3.2V;-0.39A+16.3 
DLcoiVA ~ -2.7VA+0.8VA-0.09A+24.6 
DLCO ~ 6.2VA+2.0VA-0.30A+26.9 
DLcoiVA ~ -3.7VA+0.6VA'-0.09A+27.1 
RSD~8.0 
RSD~2.2 
RSD~7.5 
RSD~2.4 
where VA in I, _A in years and VA' in l.min-I up to a maximum of 20 I.min-1, 
(5.4) 
(5.5) 
(5.6) 
(5.7) 
The residual standard deviations appeared to be constant, because the residuals were 
equally distributed around the model independent of VA' VA and A. 
In the group of children DLCO was positively and DLcoiV A negatively related to VA (P-
value<O.OOOI). DLCO and DLcoiVA were positively related to VA (p-value<O.OOOI). DLCO 
appeared to be significantly dependent on height H (P-value~0.002 and P-value<O.OOOI) 
in boys and girls respectively. In the relationship between DLCO and VA' VA and H the 
age effect appeared to be not significant (P-value~0.77 and 0.69) for boys and girls 
respectively. DLco/V A. however, was significantly influenced by interaction between H 
and VA (p-value~O.OOOI and P-value<O.OOOI) in boys and girls respectively. In the 
relationship between DLcoiV A and VA' VA' and HV A the age effect was not significant (P-
value~0.06 and 0.40) for boys and girls respectively. 
Boys: 
Girls: 
DLCO ~ 7.8VA+2.8VA +23.IH-28.4 
DLcoiVA ~ 27.9-(19.2-7.5H)VA+1.3V; 
~ 6.4VA+2.7VA +28.0H-32.7 
DLcoiVA ~ 31.7-(29.8-12.4H)VA+1.5VA' 
RSD~5.2 
RSD~2.8 
RSD~4.5 
RSD~2.7 
(5.8) 
(5.9) 
(5.10) 
(5.11) 
where H in m. In these regression equations for children the residual standard deviations 
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were constant and independent on VA' VA' and H. Both models for D(.co and DLco/VA 
appeared to be not different between boys and girls (P-value=0.22 and 0.13 respectively). 
Application to patients 
In all 33 patients the single breath and the rebreathing DLCOIVA were compared, both 
expressed in percentage of the corresponding reference values. The data were closely 
scattered around the line of equality both in patients with or without unequal ventilation 
(Fig. 5.5). 
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Comparison of rebreatllillg alld sillgle breath DW/VA, both expres~ 
sed ill percellfage of the correspolldillg reference mlues, in patiellfs. 
The solid line is the line of equality. 
• Patiellts without ventilation distribution disturbances. 
* Patiellls with l'elltilatioll distribution distllrbances. 
Regression equatioll of tile first group: 
DW/VA rebr = 4.7 + O.94(D!'colVA sb) 
Without poim (24,22) this equation is: 
DW/VA rebr = 9.3 + O.88(D!'cofVA sb) 
Regression equation of the second group: 
D!'coiVA rebr = 8.1 + O.89(D!'coiVA sb) 
The regression equation for these data in the group of patients without ventilation 
distribution disturbances was closer to the line of identity, than that of the patients with 
ventilation distribution disturbances. This was mainly caused by the results of one patient 
who had a DLCOIV A value of 24 % of the single breath and 22% of the rebreathing 
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reference value. If this patient is eliminated the regression equations for both groups of 
patients are similar. 
Table 5.4. Data 011 DW/VA estimated with the single breath al/d rebrea/hing method ill pafiellls without 
ventilation distributioJ/ disturbances. 
Single Breath Method RebreathingMethod 
patient DLCOIVA SD below DLCO/VA SD below Ref. 
(%Ref ± SD) Ref. (%Ref ± SD) . 
1 49 ± 1.5 >2 50 ± 2 >2 
2 74 ± 1 >2 70 ± 5 >2 
3 77 ± 2 1.7 77 ± 6 >2 
4 71 + 2.5 >2 72 ± 2.5 >2 
5 79 ± I 1.9 79 ± 1 1.8 
6 69 ± 1 2.0 78 ± 2.5 1.3 
7 24 ± 0.5 >2 22 ± 0.5 >2 
8 75 ± 5 1.8 65 ± 0.9 >2 
9 56 ±1 >2 59 ± 4 >2 .. 
10 75 ± 0.6 1.7 75 ± 3 1.9 
11 82 ± 3 1.6 78 ±5 104 
12 88± 3 0.9 91 ± 2 0.7 
13 92 ± 2.1 0.8 91 ± 3.8 0.9 
14 56 ± 1.5 >2 ·59 ± 2.6 >2 
15 68 ± 3 >2 71 ± 2 1.8 
16 84 ± 2.7 1.2 87 ± 3.6 1.0 
17 88 ± 4 0.8 86 ± 0.8 1.2 
18 102 ± 2 -0.1 100 ± 1.3 0 
19 75 ± 0.3 >2 80 ± 3 >2 
20 77 ± 6 1.5 75 ± 2 1.7 
21 109 ± 2.7 -0.6 104 ± 0.7 -0.3 
22 109 ± 3 -0.7 104 ± .6.4 -0.4 
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Table 5.5. Data 011 DIce/VA estimated with the single breath alld rebreathillg method ill patients with 
ventilation distribution disturbances. 
Single Breath Method Rebreathing Method 
patient DLcofVA SD below DLCOIVA SD below Ref. 
(%Ref ± SD) Ref. (%Ref ± SD) 
I ' . 81 ± 4 I 89 ± 5 0.8 
2 85 ± 4 1 80 ± 1 1.8 
3 54 ± 8 >2 60 ± 8 >2 
4 96 ± 3.5 004 89 ± 1.6 0.9 
5 51 ± 3.6 >2 51 ± 1 >2· 
6 82 ± I 1.1 83 ± 5.7 104 
7 68 ± 2.6 . 1.8 68 ± 5.3 2 
8 80 ± 3 1.6 73 ± 0.9 2 . 
9 73 ± 3.2 104 . 68 ± 0.7 1.9 
10 93 ± 2.7 0.6 98 ± 2.1 0.2 
II 58 ± 5 >2 61 ± 0.8 >2 
In Tables 504 and 5.5 we compared the relative rebreathing diffusion indexes with those of 
the single breath method. Paired testing of the mean values revealed that rebreathing and 
single breath DLCOIVA were not significantly different (P-value=0.76 and 0.96 
respectively) in both groups of patients. Also the variation coefficients of the single breath 
and rebreathing DLCOIVA (Table 504: 2.9 ± 1.8 % and 3.7 ± 2.1 % and Table 5.5: 504 
± 3.7 % and 4.0 ± 3.9 % respectively) were not significantly different (paired t-test P-
value=0.26 and 0.24 respectively) in both groups of patients. 
DISCUSSION 
Gel/eral aspects 
For the benefit of patients with limited breathing ability, who are not able to perfonn a 
single breath test or to hyperventilate during a rebreathing procedure, we developed a 
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rebreathing test, which can be done during resting ventilation. The decrease in CO 
fraction in the rebreathing system, certainly in resting conditions, depends on two 
components: 1) the traru;fer of CO from the rebreathing system into the alveolar 
compartment and ') the CO uptake from the alveolar compartment into the capillary 
blood. \Ve assumed alveolar volume as one compartment in which gas mixing is 
instantaneous. Also the rebreathing system was regarded as one compartment, because the 
gas was vigorously mixed by the ventilator. However. at nonnal ventilation rate even after 
complete washin CO concentration in lungs and rebreathing system will be different. The 
CO fraction in the rebreathing system will be higher than that in the alveolar 
compartment, where CO uptake occurs. The difference depends on alveolar ventilation. 
We limited our analysis to the mono exponential decay in CO after the washin of He was 
completed, to minimize the effect of dilution on the decay of Fco. 
The influence of back tension was evident, especially when several rebreathing 
measurements were performed consecutively. The comparison with the measured back 
tension revealed, that the mathematical correction is a reliable procedure for accurate 
estimation of the diffusion indexes. 
Effect of alveolar volllille allli alveolar velltilalioll 
If VA is decreased in normal subjects, the single breath DLco will be decreased due to a 
smaller total alveolar surface area, and DLco/V A will be increased due to a better alveolar 
surface to volume ratio [I]. Rebreathing DLco and DLcolVA, determined at FRC, were 
consistently lower than these indexes obtained from the single breath test at TLC. An 
important reason will be the difference in alveolar volume at which both techniques are 
performed. Another reason might be the influence of the gas mixing between inspired air 
and alveolar gas. With increasing alveolar ventilation mixing between inspired air and 
resident gas occurs faster and therefore, DLCO and DLco/V AI determined with the 
rebreathing method, will be increased. Above an alveolar ventilation of 35 l.min-1 the 
rebreathing indexes were equal to those of the single breath procedure at the same alveolar 
volume of FRC+ 1/2VT (Fig. 5.4). In seven healthy volunteers we found similar results 
(Table 5.3). No differences between the indexes from the single breath and rebreathing 
technique existed if VA was the same and VA' large enough. These results confirm those 
of Clark et a1. [4], Felton et a1. [6] and Rose et a1. [9], who found similar values of 
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diffusion indexes with single breath and rebreathing technique if alveolar volume was the 
same, and at high levels of alveolar ventilation during rebreathing. 
It will be obvious that a comparison of the rebreathing indexes DLeo and DLeo/V A with 
those of the single breath test [5, 10, 25] will be acceptable only if VA in both procedures 
is the same. Consequently, we regarded the results of those studies, in which DLeolV A, 
determined with the rebreathing method at FRC+\-2VT , was similar to DLeolVA at TLC 
obtained with the single breath procedure [4, 5, 9, 25], to depend on a coincidence of a 
positive effect of the low alveolar volume and a negative effect of alveolar ventilation on 
Dlco/VA• 
Referetlce vollies 
The values which we obtained in four groups of volunteers, male and female children and 
adults, can be used as reference values within the limits of normal ventilation to a 
maximum of 20 l.min·! for adults and 15 l.min·! for children. In the reference equations 
alveolar ventilation is a parameter to adapt the reference value to a subject's ventilation. 
For a reliable estimation of the diffusion indexes it is important that alveolar ventilation is 
approximately constant, because an increase (or decrease) will increase (or decrease) the 
slope in the In(Feo) vs time relationship, resulting in a larger (01' lower) value of DLeo and 
DLeolV A' Effects of irregular respiration can be avoided by the selection of one or more 
shorter periods with regular ventilation during the CO decay. 
Corresponding to our former paper [16] we did not correct for the normal variability in 
Hb concentration when estimating reference equations of D lCO and DlCON A, because Hb 
concentration was normally distributed in our healthy volunteers, resulting in equal 
positive and negative corrections. Standard deviations were not changed by such 
correction, due to a low variation coefficient in the Hb concentration of about 5 %, 
compared to the coefficients of vatiation of the diffusion indexes, which were more than 
10% [16]. 
Applicability 
Since many years the single breath method serves to evaluate the diffusion disorders in 
patients. We regard the rebreathing method at normal ventilation as useful for assessing 
the diffusion indexes in patients who cannot perform the single breath test. We tested the 
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method in patients who could perform both tests. Because of the differences in lung 
volume, causing different values of the diffusing indexes, we compared the values relative 
to the corresponding reference values. The DLco/V A values in percentage of their reference 
values obtained with the rebreathing method were similar to those of the single breath test 
in the majority of the patients both with or without ventilation distribution disturbances 
(Tables 5.4 and 5.5 and Fig. 5.5). Furthermore, the coefficients of variation of both 
methods were similar. A comparison of total diffusing capacity would have led to the 
same conclusions. 
In conclusion, we regard the rebreathing method at resting ventilation as a reliable method 
to determine the diffusion indexes, DLco and DLcoNA , for the assessment of a patient's 
diffusion disorder. 
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CHAPTER 6 
EFFECT OF LUNG VOLUME AND POSITIONAL CHANGES ON THE 
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Pulmonary diffusing capacity for CO, DLCO , is usually estimated in the sitting position. 
However, in some patients measurements can only be made in the supine position. 
Healthy subjects have a larger diffusing capacity normalized per liter alveolar volume 
(BTPS) , DLcolVA, in the supine position as compared with the sitting position [1-5]. In 
these studies DLcolVA was determined at total lung capacity (TLC). An increase in 
DLcolV A was also observed at functional residual capacity (PRC) when healthy subjects 
changed from sitting to supine positions [6-8]. In patients with various pulmonary and 
cardiac diseases without a positional change in DLcolV A the capillaries in the upper lung 
zones were assumed to be fully recruited in both positions [I, 5]. We doubt whether 
similar values in both positions at one level of VA imply similar values at another VA' 
Therefore, we \Vonder whether measurements at TLC (Single Breath method) and those at 
PRC (Steady State or Rebreathing method) are comparable. We studied DLco and 
DLcolV A as functions of VA in both body positions. 
To study the mechanisms involved in the changes of DLCO and DLcolV A elicited by 
changing from sitting to supine, we also analyzed the membrane conductance, Dml and the 
capillary blood volume, Q" as functions of VA' based on the linear relationships between 
DLcolV A and V A for ambient air and oxygen breathing respectively [9]. 
The objectives of this study were: 
1. to analyze the effect of changing body position on DLCOIV A' DLCO, Dm and Q, over a 
wide range of VA; 
2. to evaluate the reliability of the derived variables Dm and Q, by application of 
random noise to the estimates of DLco/V A; 
3. to determine the relationships of age, sex and smoking habits with the response of 
the diffusion variables to a change in body position; 
4. to evaluate the applicability of the various models of lung deployment [9] in 
explaining the diffusion variables in both positions, sitting and supine. 
SUBJECTS AND METHODS 
Subjects 
Thirty-seven healthy subjects (20 males; 4 smokers, 17 females; 4 smokers) without any 
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history of pulmonary or cardiac disease were studied. They had normal respiratory 
function: VC=I11 ± 20(SD)% ref.; FEV\=I11 ± 1O(SD)% ref.; PEF=124 ± 17(SD)% 
ref. and MEF50=91 ± 17(SD)% ref. The age ranged from 16 to 79 years. Informed 
consent was obtained prior to the experiments. 
Procedure 
In a series of single breath maneuvers both in sitting and supine position DLco/V A was 
measured at various levels of alveolar volume and using low oxygen (0.25% CO, 5% He, 
20% a,) and high oxygen (0.25% CO, 5% He, 94.75% a,) concentrations [9]. We 
followed the single breath procedure reconunended by the European Community for Coal 
and Steel [10]. The subjects expired to residual volume (RV) and inspired volumes 
ranging from 1.5 I to vital capacity (VC) holding their breath at VA.~' The DLCOIVA 
values were determined in random order at various alveolar volumes. We used in our 
calculations a linear regression equation between the DLco/V A and VA values. From such a 
relationship data at specific alveolar volumes could be derived. 
Breath holding time was taken to start when 0.3 part of the volume had been inspired, and 
to end when half of the expired sample had been expired [11]. The average breath hold 
time exceeded IO s slightly. Inspirations and expirations were performed rapidly. 
Alveolar fractions of CO and He were measured in the expired gas after discarding 600 
Illl for washout airways and apparatus dead space. Because this discard volume is smaller 
than reconunended, we checked whether this volume was large enough in our experiments 
by calculating RV at high and low VA levels. RV was unchanged by target volume, so 
errors due to gas sampling from the dead space seemed unlikely. The size of the alveolar 
sample was 800 m!. Maneuvers were performed with a slightly modified version of the 
< <alveo-diffusion test> > manufactured by Jaeger (Wtirzburg). High oxygen measure-
ments were done after an equilibration period of 5 min breathing pure oxygen. 
The interval between measurements was 5 min. To minimize CO back tension, we 
performed six or less measurements in a day. Back tension was estimated before and after 
such a series of measurements by rebreathing in a closed system [12]. To correct for the 
effect of CO back tension linear interpolation between the back tension before and after 
the series of measurements was perfonned. Back tension was subtracted from both 
alveolar CO pressures at the beginning and at the end of the single breath maneuver 
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respectively. Back tension was neglected in the non-smokers when breathing low oxygen, 
because it was less than 1 % of the initial alveolar CO tension. 
Four series of measurements were performed on four different days. In the first and 
second session, diffusion variables were measured with 20% O2 in the test gas in both 
positions. The third and fourth day were used to measure during 95% oxygen breathing. 
Functional residual capacity, FRe, was estimated the first day in both sitting and supine 
positions using a closed He-dilution method [12]. 
Analysis 
DLco is related to the variables Dm and Q, according to the equation [13]: 
1 ~-+ 
DLCO Dm 
1 
8Q,FHb (6.1) 
where, according to Forster [14], DLco is the diffusing capacity of the whole lung and Dm 
is the analogous diffusing capacity of the membrane, including alveolar epithelium, 
interstitium and capillary endothelium. By analogy 8Q,FHb is the diffusing capacity of the 
total mass of red cells in the capillary bed of the lung at any instant, where Q, is the 
volume of the capillary bed in ml and 8 is the standard rate at which 1 ml of whole blood 
will take up the gas CO. FHb'is the hemoglobin concentration as a fraction of the normal 
concentration. 
8 was calculated from the original data of Roughton and Forster [13] after correction to 
pH 7.4 (see Appendix for explanation): 
1 
- ~ 0.059 + 0.0073 Po 
8 ' 
where Po = ideal alveolar oxygen tension. , 
(6.2) 
Further assumptions were a normal hemoglobin concentration (F'lli = 1) and an infinite 
permeability of the red cell membrane [15-17]. As normal hemoglobin concentration we 
assumed 8.3 and 9.2 ± 0.5 (SD) mmoU-' for women and men respectively. 
The DLCO values obtained from linear regressions of DLco/V A VS VA in both air and 
oxygen were used to estimate Dm and Q, at discrete levels of VA' The calculations are 
described in detail in our previous study [9]. 
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The change in membrane conductance with VA is described by Dm = kVAx, where k and x 
are constants and x depends on the mode of alveolar expansion [9]. We also calculated x 
in both positions to analyze whether a characteristic difference in the mode of alveolar 
expansion will occur. 
Reliability of Ilze allalysis 
Random noise 
The effect of random variation in DLco/V A was studied in 4 subjects to evaluate the 
consequences of variations in Dlco/V A on the derived variables Dm and Qc' The distributi-
on of DlcolV A at TLC was determined by measuring the low oxygen DlCOIV A at least six 
times at TLC. We used TLC because this volume could easily be reproduced by the 
volunteers. We averaged the DlCOIV A values and determined the standard deviation. We 
assumed the standard deviation at TLC to be representative for the distribution of D,COIV A 
values at all levels of VA' From normally distributed random noise with a mean value of 
zero and a standard deviation equal to the standard deviation at TLC, we selected numbers 
randomly to add to or subtract from each measured DlcolV A value. Thus, the chance to 
add or subtract random noise equal to 2 SD was 2.5 %. A new regression equation of 
DlcolV A vs V A was then calculated. This sequence was repeated 5 times giving 6 
equations. including the original one. In each of 4 volunteers we derived two sets of 6 
regression equations, for air and oxygen breathing in sitting and supine position respecti-
vely. 
In each position the six equations in air as well as in oxygen were randomly paired and 
used for the derivation of Dm and Q, respectively as a function of VA' At 5 - 9 levels of 
V A with steps of 0.5 I we calculated averages and standard deviations for Dm and Q,. 
RESULTS 
Diffllsillg capacity DLco 
Plots of D,COIV A vs V A yielded a linear relationship as the best mathematical description. 
The numerical data for these regression lines are presented in Table 6.1. A linear fit was 
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best in 79% of equations. In 21 % a hyperbolic or biphasic description provided a 
negligible improvement. In these cases deviation from the linear relationship was smaller 
than the standard deviation of DcCOIVA at TLC (Table 6.2) . 
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• Sitting 
oSupine 
A typical individual emmp/e (subject 32) of linear relationship 
between DLCoiVA and VA ill sitting and slipille positiolls ill low 
alld high 0 1 conditiollS. In supille position relationships are 
shifted upward with a steeper slope. 
Therefore, we used a linear relatiol15hip between DccolV A and VA for the further analysis 
of our data. 
The example in Figure 6.1 where the relationship is shifted upward when moving from 
sitting to supine position in both low and high oxygen is representative for 67 % of all 
subjects. We have illustrated all individual responses of the DccolV A vs VA relationship to 
the change in body position from sitting to supine in an X-Y diagram with four quadrants 
(Fig. 6.2). In this diagram we compared the change of DccolV A at 50% of TLC with that 
at TLC, both derived from the regression lines. The resuIts in quadrant I indicate an 
increase in DcCOIVA at both 50% of TLC and TLC, implying an upward shift of the 
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DLCOIV A VS VA relationship. In the results left of the 45' line in this quadrant the 
Fig. 6.2. 
b(OllVA" }so~m( 
{pmQl.$.'l9(1'tl·~ 
Comparison of response of DLCoiV ... at 50 alld 100% of TLC 011 
challge ill body position from sitting to supine. Dashed line, 
parallel shift of regression line. 
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increase of DLcolV A at TLC was smaller than at 50% of TLC, giving an increase in slope 
of the regression line in the supine position. In the results right of this line a decrease in 
slope occurred. 
In quadrant II DLCOIV A increased at 50% of TLC, but decreased at TLC, leading to a 
steeper slope of the DLcolV A vs VA relationship in supine position and a crossing of both 
regression lines. The single result in quadrant III indicates a parallel downward shift of 
the DLCOIV A vs VA relationship. The data in quadrant IV decreased at 50% of TLC and 
increased at TLC, giving a less steep DLcolV A vs V A relationship. In 67% of the subjects 
we found an upward shift, with an increasing slope in 59%. In 30% of the subjects we 
observed no shift but only a change in slope. In 19% the slope was increased and in 11 % 
it was decreased. 
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In Fig. 6.3 we present the average values of DLcoIV A and DLco at volume levels of 50, 
60, 70, 80, 90 and 100% of TLC for the sitting and supine positions. At all levels of VA 
DLcoIVA increased significantly (p-value<O.Ol, paired Hest) when position changed from 
sitting to supine. 
We separately analyzed subjects older than 50 years. The differences in the DLco/V A 
values between both positions were also significant except for the difference at TLC, 
where P-value=0.14. 
DLco was higher (p-value<O.Ol) in supine position at all levels of VA' Again in the 
subjects older than 50 years supine DLco was not different from sitting DLco (p-valu-
e=O.IO) at TLC. 
Application of ralldom lIoise 
The four subjects, in which we applied random noise to the data, were chosen randomly 
from four different age ranges. The data are listed in Table 6.2. The average values of Dm 
and Q, are plotted in Figs. 6.4 and 6.5. The relationships derived from the originally 
measured 'values were within one standard deviation of the mean Dm and Qc after 
application of random noise. 
Membrane cOlldllctallce 
We analyzed x in the expression Dm = kV AX to characterize alveolar expansion in both 
positions. The differences in x between both body positions were highly significant (P-
value<O.OOl) in many cases. However, the individual responses did not imply any typical 
pattern (Fig. 6.6). There was no difference between smokers and non-smokers. Because of 
the non-typical pattern we also derived x after the application of random noise (Table 
6.2). The standard deviation of x appeared to be 7-17%, which did not eliminate the 
significant differences between the x values in both positions. 
The average values of Dm in both positions were calculated for the volume levels of 50, 
60, 70, 80, 90 and 100% of TLC (Fig. 6.7). Dm in the supine position was smaller than in 
the sitting position at all levels of VA in most subjects. There were however positive as 
well as negative responses to the positional changes at all levels of VA' Only the responses 
at 80, 90 and 100% of TLC were significantly different (P-value<0.05, paired t-test). 
There was no specific relationship between the positional response of Dm and age. 
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Pulmouary capillary blood volume 
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The relationship between Q, and VA could be described again [9] by a second order 
polynomial with a V A related maximulll in Q" Q,.=" above 60% of TLC. In the supine 
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position the characteristics of this relationship were similar (Fig. 6.5). 
Q, was significantly larger (p-value<O.OOI, paired Hest) in supine position than in sitting 
position at all levels of VA (Fig. 6.8). 
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Variability ill relationship between capillary blood volume (Q,) 
and VA after appUcatioll of random noise ill the same subjects as 
ill Fig. 6.4. Respollse (0 change ill body position decreases with 
age. Solid and dashed lines, sittillg al/d supine positions, respec-
ti\'eiy. Values are meallS ± SD. 
After the addition of noise the smallest SD in Q, was seen at Q,.~, implying a lower 
sensitivity of Q,. =, to variability in DLcolV A (Table 6.2). Therefore, we used the 
responses of Q,.~ to changes in body position as an indicator of change ill pulmonary 
blood volume. 
In all subjects Q,.~ nonnalized per m' body surface area, Q,.=/BSA, decreases with age 
in women and men ill both body positions (Figs. 6.9a and 6.9b). In younger subjects 
Q,._/BSA was significantly higher ill the supine position. Differences ill Q,.=/BSA 
between supille and sitting decreased with age up to about 50 years. Above this age the 
differences in Q'.m~/BSA were small and distributed around zero. The level of Q,.=IBSA 
in sitting and supine position and the response to the change in body position were not 
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different for the smoking subjects, but no heavy smokers were studied. 
Finally we observed that the alveolar volume at which Qc,tm, was detected (V AQc,max), 
shifted to higher alveolar volume levels with age in sitting as well as in supine position (P-
value=0.02, paired t-test). For the subjects younger than 50 years Q,.=, was detected at a 
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Fig. 6.6. Effect of body positiol! of males (0) alld jemales (D) all expo-
!lellt x of relafionship D",=kV,t alld comparison willi fUlictiol/al 
models. 
Modell, belfows model (x=O). 
Model II, isotropic expansion with COllstant barrier thickness 
(,=213). 
Modellfl, a proportional increase of ab'eolaT sUrface area with 
increasing VA alld cOllslallt membrane thickness (r=J), 
Model IV, isotropic o.po1l5io1l with proportional decrease ;11 
barrier thickness ('t=413). 
Response of x to change ill bod)' positioJl is IIol eDmistellt, bllt 
comparison of values in sitting and supine position creates 
impression of a more isolropic expansion wilh collsla1ll barrier 
thickness ill supine POSitioll (.'(=213, Mode/II). Closed symbols, 
smokers. 
mean VAQ,,=, = 75 ± 15 (SD) % TLC in sitting and VAQ,.=, = 81 ± 15 (SD) % TLC in 
supine position respectively. For the subjects above 50 years V AQo._ = 88 ± 17 (SD) % 
TLC in sitting and VAQ,._ = 89 ± 13 (SD) % TLC in supine position respectively. 
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The alveolar volume level at which Q,._ was detected, was not significantly different for 
sitting and supine positions (P-value=O.25, paired t-test). 
~ 
.>< 
.. 
II) 
'0 
300 
.§. :2.00 
100 
0 
Fig. 6.7. 
I 
1 
100 
1 ~ I 
·f ~ f . 0 "Iv 
"':""'" 
'iii 
, Q. 
: ! "" ..... 
.[ -" : ! ..... -", i : 
" '0 II) . ~ E 
J 3-
<I 
JOO 
50 100 
VA (% VAmax) 
• 
D", and MJ", (dofled line; supine - sitting) as a jUllction of VA' 
Solid alld dashed lilies siltillg alld supine positiolls respectively. 
Values are means ± SD of all subjects. 
110 
100 
50 
Fig. 6.8 
i , 
, 
, 
, 
, 
, 
, 
, 
, 
, 
, 
, 
, 
, 
, 
, " I I ...... 
I ....... , ' 
, ' I 
I ' I 
:V' , , , , , , , 
, I 
I 
1 
: 
--
T , 
, 
, 
, 
, 
'[ 
T , 
1 , 
, 
, 
, 
--~ 
' , : , 
I 
,-
T , 
, 
, 
, 
, , 
, 
, 
, , 
' , 
,r-<, 1 , 
1 
.' 
50 
1····"··I········i·····:··I······~·······~ 
/'-----+;---t.-,--i-......... .-...!-.-...!--t 0 
, 
100 
(.~ VAmax) 
Qc and .6.Qc (dotted line; supine - sitting) as a jllllction of VA' 
Solid alld dashed lilies, silting al/d supine positions, respectively. 
Vailies are meollS ± SD of all subjects. 
DISCUSSION 
Evaillatioll of the method 
Voillme his/OIY 
Chapler 6 
Lebecque et al. [18] described an immediate increase up to 16% in DLcolV A after an 
inflation-deflation maneuver (IDM). During the first 5 minutes after IDM 62% of this 
increase was lost; DLco/V A remained significantly increased even in the 7m minute after an 
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IDM. We did not control volu~e history. Between the successive measurements in air we 
visually observed ventilation to avoid measurements after sighs. In the high oxygen 
measurements we continuously monitored ventilation in between the successive measure-
ments. 
~·l:.E ... - E ~. 50-(j. 
Fig. 6.9. 
a 
• 
b 
Relationship between e/fecrh'e capillary blood volume Ilormali-
zed per J112 body sur/ace area (Q, -IBSA) alld age ill females 
(a) alld males (b). Solid alld dasi,ed lilies, regression lines ill 
sitting (U) alld supine positiolls (V),respectiwiy. Closed sym-
bols, smokers. 
Females: Q,~/BSA ~ 41.68 - 0.33 (Age), r~-0.63. 
Q:'~BSA ~ 68.17 - 0.65 (Age), r~-0.80. 
Males: Q,.=/BSA ~ 46.06 - 0.27 (Age), r~-0.46. 
Q,.~/BSA ~ 65.18 - 0.52 (Age), r~-0.65. 
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Irregularities in tidal volume were observed, but we never found sighs larger than twice 
the tidal volume. To verify whether an IDM influenced our data we did a pilot study in 
three subjects, in which we repeated the DLCOIV A estimation at a constant VA of about 
70% of TLC at various times (0 to 8 minutes) after a vital capacity maneuver. DLCOIVA 
was 5 % higher immediately after an IDM, but was constant from the fourth minute after 
an IDM. Therefore, an influence of sighs in our experiments seems unlikely. This 
assumption is supported by the good reproducibility of the DLcolV A values, which were 
estimated in random order, and by the linearity between DLcolV A and VA' 
Illfrapulmonary pressure during breath holding 
We checked also whether our data might have been influenced by high intrapulmonary 
pressure during the breath holding period. Such a pressure was only possible by glottis 
occlusion because the valve, which is normally closed during the breath holding period, 
opens at a mouth pressure of a few tenth of a kPa. In all measurements tllis valve 
remained closed. In two subjects we measured esophageal pressure during the measure-
ment of the diffusing capacity at various lung volumes. At the lowest VA levels, even 
when inspiratory volume was too small to get an alveolar gas sample, P" varied between 0 
and 0.2 kPa above atmospheric pressure during the apnea period. In both subjects P" 
increased to I and 2.5 kPa above atmospheric pressure respectively when breath was hold 
at TLC level. Because we observed the highest pressures at TLC we studied the effect of 
Valsalva maneuvers on DLCOIVA at various pressures during breath holding in four 
subjects at TLC in the sitting position. At a mouth pressure of 2.5 kPa above atmospheric 
pressure DLCOIV A was decreased by no more than 4 %. Because the standard deviation in 
DLCOIVA is comparable at all levels of VA and at TLC between 2 and 4% (Table 6.2), we 
concluded that our results obtained over a wide range of V A were not influenced by 
possible differences in alveolar pressure throughout the series of observations. 
Sequential filling and emptying 
The data estimated by means of the single breath diffusion test are a combined result of all 
lung areas. Application of xenon techniques [19] revealed that most of the gas is distribu-
ted to the upper lobes during early inspiration and more to the lower lobes during late 
inspiration. The same authors reported a decrease in regional DLco/V A from base to apex. 
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If sequential filling of the lung had affected our results, it should have decreased the 
negative slope of the DLcolV A vs V A relationship. In three subjects we estimated DLCOIV A 
in air at TLC starting inspiration of the He, CO and air mixture from different alveolar 
volumes between RV and TLC. To avoid sampling of expiratory air from one lung 
region, we sampled this air early and late in expiration: between 0.7 - 1.7 I, 2.3 - 3.5 I 
and 3.9 -5.4 I of VC respectively. No statistically significant differences were found in 
DLCOIV A as a function of starting volume or alveolar sampling time. This is in agreement 
with other studies where nonsequential emptying of the lung is described [11, 20]. 
Reliability of the lIleasuremellfs 
The addition of random noise did not change the estimates of Dm and Q, significantly 
(Figs. 6.4 and 6.5). These results illdicated that the reliability of our analysis of Dm and 
Q, was satisfactory over the whole range of VA in the four subjects of Table 6.2. At 
younger ages the response in Dm and Q, to cbange in body position far exceeds the 
variability in the measurement (Figs. 6.4 and 6.5). At older ages the response in Dm and 
Q, is not significantly different from the variability in the Dm and Q, values in one 
position. 
Diffusing capacity 
Dw,!VA alld alveolar volume 
It has been generally accepted in the literature that DLcolV A decreases with increasing VA 
[9,21-23]. However, some authors [21-23] found a fall in DccOIVA when alveolar volume 
increased up to about 80% of TLC, whereas DLCOIVA became constant at higher levels. 
To find the best and most sinlple mathematical description we fitted a multiple degree 
polynomial to our data. In the majority of our subjects the fit of a linear relationship 
between DLcolV A and VA was satisfactory (Table 6.1) and was not improved by a higher 
degree equation. 
Overall responses 
An increase in DLCOIV A in normal subjects when body position changed from sitting to 
supine has been described by many authors [1-8]. Our results are in agreement with these 
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reports. The average values of DLcoN A and DLCO for all subjects at volume levels of 50, 
60, 70, 80, 90 and 100% of TLC (Fig. 6.3) had large standard deviations, because they 
include the values of the younger and older subjects. When testing the individual positio· 
nal responses of each subject in pairs, only in the subjects older than 50 years at TLC the 
increase in DLCOfV A and DLCO was not significant. In spite of differences between 
individual responses Qllr overall conclusion is that DLco/V A and DLCO increase if position is 
changed from sitting to supine. At older ages these responses decrease especially at the 
larger alveolar volumes. 
Individual respollses 
In the majority of the subjects (67%) an upward shift of the complete DLco/V A vs VA 
relationship was observed (Fig. 6.2). In 33% only a change in slope or in one case even a 
downward shift was observed, indicating a lack of recruitment of capillaries. 
A lack of response of DLcoN A to changes in body position (5, 35) has been interpreted as 
an indication for pulmonary hypertension or pulmonary capillary restriction. However, the 
responses of DLcoNA were estimated either at TLC [1·5] or at FRC [6·8], whereas our 
study revealed that a lack of response at one level of VA does not necessarily imply a lack 
of response at. another level. As illustrated in the individual example of Fig. 6.1, the 
response of DLco/V A to a change in body position varied with alveolar volume. In this 
example the highest increase in DLco/V A was observed at the lowest VA' whereas at the 
highest VA no response was found. In other volunteers we found the highest response at 
TLC (Fig. 6.2). This illustrates that a response in DLcoN A to a change in body position at 
one level of VA yields insufficient information for the responses at other levels and that 
such responses will be different among different individuals. 
Accidental variatioll ill VA 
If studying the positional responses at TLC level, measurements accidentally performed at 
a slightly lower volume level in one of the positions will lead to a misleading result. At 
similar but 20% lower levels than TLC the responses of DLCoN A to the change in body 
position are not significantly different from the response at TLC, which we tested in the 
overall results of Fig. 6.3 (p-value=0.05, paired t-test). 
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Fig. 6.10. 
FRO FRO 
Supine Sitting VA(I) 
• 
FRO FRO 
Supln~:.~jUjjlg VA (I.). 
• 
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a: 1)pical example of lillear relatiollShip betweeti DW:/VA alld 
VA ill sitting alld supine posilioll ill air (subject 4). Sitting: 
DLCo/VA = ·aVA + b. Supine: DWJVA = ·cVA + d where a, b, 
c alld dare coJls(allls. Because of negative slope ill DUX/VA vs. 
VA relationship, decreased FRC in supine positioJl always 
results in all increased DW/VA value (poim B). Dilly additional 
illcrease ill DLeo/VA (poim B to C) is due to a more equal perfil· 
sion ill supine positioJl. 
b: Linear relatiollships between DLa/YA alld VA im'ol\'e secolld~ 
order relationships between DLeo alld VA ill both positions witli 
tlie same cOllstallls a, b, c and d. Siltillg: DLeo = -aVi + bVA. 
Supine: DLeo = cVi + dVA. Poillts A', B' alld C' correspond 
witli polms A, B alld C of 6.10A. A/I increased DLCofYA value 
ill supille position will /10/ necessarily imply all increased DLm 
value, because DLco also depends 011 VA' 
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Comparison of DLcolV A at TLC in sitting position with DLcolV A at 80 and 90% of TLC in 
supine position resulted in a response which was significantly larger (p-value<O.OOI and 
P-value=O.OOI, paired t-test) than the respo05e at TLC level. Comparison of the DLcolVA 
in sitting position at alveolar volume levels of 80 and 90% of TLC with DLcolV A 
measurements in supine position at TLC showed a significant underestimation of the 
response in DLCOIVA (P-value<O.OI, paired t-test). 
An accidental volume variation of 10% in one of the positio05 caused no significant 
difference in the response of DLCO (p-value=0.25, paired t-test) with respect to the 
response at TLC in both positions. A variation of 20% caused a significant difference with 
the response at TLC (P-value<O.OI, paired t-test), inlplying an overestimation when the 
variation of VA occurs in sitting position and an underestimation for the variation of V A in 
the supine position. 
Diffusing capacity at FRC level 
When a healthy person changes from sitting to supine DLCO and DLColV A will change for 
two reasons: a change in FRC and a change in the DLColV A vs VA relationship. Both 
changes are illustrated in an individual example (Fig. 6.10) obtained from quadrant I of 
Fig. 6.2. 
DLco/V A was higher in supine position due to: 
l. the decrease in FRC and the negative slope in the DLCOIV A vs VA relationship (A to 
B in Fig. 6.lOa). 
2. the upward shift of the DLCOIV A vs VA relationship. 
When DLCOIV A increases more than predicted from the linear DLco/V A vs VA relationship 
in the sitting position we conclude that this is an indication for recruitment of capillaries 
in the supine position (B to C). 
In spite of an increased DLCOIV A, DLCO was lower in the supine position (point C') than in 
the sitting position (point A') (Fig. 6.lOb). The increase in DLCOIV A was smaller than the 
fall in FRC, leading to a decrease in the product (DLcoIVA) x VA' 
In 56% of all volunteers DLCO at FRC was smaller in the supine position. In 15 % DLCO at 
FRC was larger in the supine position. In the remaining 29% DLCO did not change, 
indicating proportional opposite changes in DLcolV A and VA' 
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Membrane cOllductance Dm 
Although the overall results (Fig. 6.7) indicated a significant fall in Drn at alveolar 
volumes of 80% and higher when changing from sitting to supine, the individual responses 
were not unifOlm. This non-uniformity contributed to the large standard deviation of the 
average values. 
Nevertheless, in both positions the changes in Dm with changing alveolar volume might be 
described by the relationship Drn = kV A' [9], where x characterizes the changes in 
extension of the diffusion membrane when alveolar volume is changed. The relationship 
between x and the membrane conductance is based on two assumptions: 
l) a proportional relationship between Dm and the area, A, of the alveolar-capillary 
membrane, and 
2) an inversely proportional relationship between Drn and the thickness, d, of the 
membrane. 
We compared the results with the following models: 
I. When the alveolar volume increases as a bellows the membrane area and membrane 
thickness do not change with an increase in volume and the exponent x will be equal 
to O. 
II. When an increase in volume of the alveoli is isotropic, i.e. equal expansion in all 
directions without a change in membrane thickness, x should be 2/3. 
III. A proportional increase of alveolar area with increasing alveolar volume and a 
constant membrane thickness, as in recruitment, will imply x = 1. 
IV. The same enlargement of membrane area as in model II but with a proportional 
decrease of membrane thickness will result in x = 4/3. 
Each of the models mentioned predicts a characteristic value of x. However. a value of x 
will only predict one of the models when the expansion of the alveoli is homogeneous 
throughout the whole lung. When inhomogeneities are present an observed x value of e.g. 
I, found experimentally, does not necessarily indicate a proportional recruitment of 
alveolar area and constant membrane thickness with increasing alveolar volume (model 
III). There might also be a mixture of areas which enlarge partly with constant membrane 
thickness (model II), as shown by Weibel et al. [24] in morphological studies, and, for 
another part, with a decreasing membrane thickness (model IV). It even does not exclude 
a contribution of model I. 
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In our previous study of healthy sitting subjects [9]) we observed a change in Dm with VA 
according to Dm~kVA2I3. This model is in agreement with morphometric studies [24] 
where the volume increase of the lung coincides with an area increase accomplished by 
unfolding of microfolds in the membrane. 
The large variability in the responses of x, when changing body position, excludes general 
conclusions based on the models mentioned above. However, the majority of the x-values 
in supine position are more clustered around the 2/3 value than the x-values in sitting 
position. In the supine position a more isotropic expansion with constant barrier thickness 
seems to occur. 
Gas is exchanged only through that part of the alveolar membrane which contacts 
capillaries filled with blood. Therefore, we assume that the responses of Dm to the change 
in body position also depend on changes in the blood volume of the capillaries. These 
changes might be a reason for the non-uniform changes in x between sitting and supine 
positions. 
Pulmollary capillary blood volume, Q, 
The individual relationships between Q, and VA could be best described by a second order 
polynomial in both body positions. The maximum Q, (Q,.~) was found between FRC and 
TLC in the majority of the volunteers. The decrease in Q, when alveolar volume decrea-
ses below its level of the maximum has been explained by collapse and convolution of 
capillaries [25] and by ainvay closure [26]. The decrease in Q, at higher alveolar volumes 
was attributed to external compression of the capillary bed [25]. 
At rest Q,.~' is not the potential maximum. In morphometric studies Weibel [27] 
described a maximal capillary blood volume much higher than the values we found in a 
resting situation. Crapo et aJ. [28] compared physiologically and morphometrically 
estimated Q, values in dogs and concluded that Q, measured by morphometry was more 
than twice the physiologically estimated Q, in the same dogs. Brashear et aJ. [29] 
illustrated in dogs that Q, was doubled when they were exercising. From all these data it 
may be concluded that the lung is an overdimensioned gas exchanger with a large reserve 
of capillary blood volume. 
In the supine position the Q, vs V A relationship of our healthy subjects was shifted 
upwards compared with the sitting position (Fig. 6.8). This might be due to a shift of 
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blood from the systemic circulation into the pulmonary circulation when changing from 
upright to recumbent posture. 
According to Lewis et al. [6], capillaries are simple endothelial tubes which should open 
fully if transmural pressure exceeds a critical opening pressure, implying a lack of volume 
changes in patent vessels. As a consequence capillaries in the basal parts of the lungs at 
lower alveolar volumes in the sitting position will be fully open, whereas in the apex the 
majority of the capillaries are closed. Thus, an increase in Qc with increasing alveolar 
volume should be attributed to an upward extension of the zone with patent vessels. In the 
supine position gravitational effects have less effect, resulting in a more uniform perfusion 
and therefore in an increasing Q, [30]. 
To simplify the analysis of individual responses we used Q,_ as an indicator of the 
capillary blood volume. An advantage of tltis variable is its smaller random variation 
compared with the Qc values at both sides of the maximum. 
Q,.=.IBSA was significantly higher in the supine position at younger ages (Fig. 6.9). The 
position related difference decreased with age. Moreover, Q,.=.IBSA decreased with age 
in both positions, probably due to either a smaller capillary compliance or an underestima-
tion of QC.ffia\ if closing volume is present, or a combination of both mechanisms. Also the 
fact that V AQ<.=' was found at a higher alveolar volume in the older subjects is probably 
connected with changes in closing volume [26]. 
Perrault et al. [31] observed a more uniform distribution of pulmonary blood flow in older 
sitting normal subjects compared to young normals. They concluded that the improved 
uniformity is due to a ltigher pulmonary arterial pressure in the elderly. When filling of 
the capillaries [6] is related to flow, the slight posture-dependent changes in Q,.=iBSA at 
older ages could depend on a more uniform lung perfusion [31]. This might explain the 
minor response in DLco/V A and DLCO to changes in posture in the older normal subjects. 
We derived similar results from the data of Ettinger et al. [3]. When at older ages the 
capillaries are more evenly perfused and filled with blood, the question remains why in 
both positions Q,.=.IBSA decreases with age (Fig. 6.9). Experimental data to answer this 
question are lacking. Brody et al. suggested [32] that the capillary component of the 
alveolar wall might diminish with age. 
In conclusion: 
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A resporu;e in DLCOIV A to a change in body position from sitting to supine at one 
level of VA yields insufficient information to predict responses at other levels of VA' 
The negative slope in the DLcolV A vs VA relationship implies an increased DLCOIV A 
value at FRC in supine position because of the smaller FRC in this body position. 
However. the increase in DLco/V A did not compensate for the decrease in FRC in 
the majority of volunteers, leading to a decrease in DLCQ ' 
The response of t4._IBSA and DLCOIVA on change in body position from sitting to 
supine decreases with age. A rcason for it seems to be a more even perfusion at 
older ages. 
The responses of Dm and Q, on change in body position are highly significant at 
younger ages. These responses decrease with ageing and become non-significant 
above 50 years. 
In smoking volunteers the responses on change in body position were not different 
from those in non-smoking subjects. 
The exponent x in the relatioru;hip Dm = kV A' was more clustered around 2/3 in 
supine than sitting subjects, indicating a more isotropic exparu;ion of the diffusion 
membrane with increasing alveolar volume in the supine position. But no general 
conclusioru; as to any model are possible due to the large variability in the resporu;es 
in x. 
APPENDIX 
o (I'mol.s·'.kPa·'.ml·') was calculated from the pH corrected formula recommended by 
Forster 1987 [14] .!. ~ 0.23 + 0.0055 Po, assuming a permeability ratio of the red cell 
o ' 
membrane and the cell interior according to A=2.5. The use of this formula resulted in 
negative values for lIDm. The assumption of an infinite pemleability of the red cell 
membrane with respect to the cell interior (A=OO) [15-17] resulted, after pH correction, in 
realistic Dm values. Therefore, we corrected the formula: 
1 
- ~ 0.059 + 0.0077 Po 
o ' 
with A=OO and estimated at pH=8.0 [13] to pH=7.4, assuming that this change in pH 
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had no effect on I at zero Po and that 8 decreases by about 8.8% per pH unit [14,33]. 
8 ' 
This correction resulted in the formula: 
1 
- = 0.059 + 0.0073 Po 
8 ' 
Borland and Higenbottam [34] estimated the diffusing capacity for CO and NO. Because 
in vitro NO combines 400 times faster than CO with dissolved reduced hemoglobin, 8NO 
will greatly exceed 8eo and 1/(8NOQ,) will tend towards zero. Thus, DLNO should 
approximate DmNO the more so as DLNO is independent of Po. Assuming the "extra-, 
erythrocytic" resistance to be an aqueous layer, NO diffusivity (water solubility/square 
root of molecular weight) is a constant factor 1.8 times CO diffusivity. Recently Mainard 
and Guenard [35] compared the classical way of estimating Dm and Q, (CO diffusion 
measurement at two different oxygen pressures) with a method in which DmNO is measured 
directly and DmCO is calculated via the difference in diffusivity of NO and CO. The Dm 
and Q, values calculated with both methods appeared to be comparable. The use of the pH 
corrected formula above for -!J with A = 00 resulted in Dm and Q, values comparable with 
the results using the NO technique. 
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In their report "Standardization of the measurement of the transfer factor" the ECCS [1] 
states that 1) DLco and DLcolV A> determined with the single breath method at TLC, are 
reduced in almost all disorders of the lung parenchyma and both variables can contribute 
to diagnosis and follow up, and 2) that the association between DLcolV A and VA can lead 
to difficulty in interpretation, particularly during childhood and adolescence, in non-
Caucasians and in patients in whom the total lung capacity is reduced. The chapters 2 and 
3 provide an answer to these problems. 
DLco reflects the effective diffusion area, the thickness of the blood gas barrier and the 
amount of Hb available in the lung capillaries for the uptake of CO. The proportionality 
between DLCO and diffusion area and the increase in diffusion area with alveolar volume 
implies an increase in DLco with alveolar volume. If TLC is decreased by a disease DLco 
will be decreas.ed by the volume decrease. If also the diffusing membrane is affected and 
lung volume is decreased, DLco is additionally decreased by volume loss. The decrease in 
DLco due to the diffusion disturbance is estimated with use of the DLco per liter alveolar 
volume (DLcoIVA). However, as We found in our studies, DLcolVA should not be compa-
red with DLcolV A at the patient's reference TLC but at the patient's actual TLC to 
estimate the diffusion disturbance properly. An example of the lung function of a patient 
is given in Tables 7.1. and 7.2. DLcolVA has a value of 96% of the patient's DLcolVA 
reference value at reference TLC and 75% of the reference value at the patient's actual 
TLC, which is a decrease of almost 2 SD. We collected evidence which supports such an 
evaluation from patients in whom a restrictive lung disease developed in short time. After 
a volume restriction was developed DLcolV A changed in a similar way during voluntary 
alveolar volume changes as in healthy conditions before the treatment. Therefore, we 
concluded that volume restriction caused a similar change in DLco/V A as in voluntary 
volume decrease. As a consequence DLco/V A at a limited TLC should be compared with 
reference DLco/V A values at the lung volume at which measurements are performed. 
Although the comparison of DLco/V A with the reference value at a patient's disease limited 
TLC was only verified in one type of restrictive disease (after bleomycin treatment, 
chapter 4), we apply this type of evaluation to more patients with a restrictive lung 
disease. The results in chapter 3 from a child with another type of restriction encouraged 
us to do so. However, studies will have to be performed to verify whether the dependence 
of DLCOIV A on V A is similar to that found ill the patients treated with bleomycin. 
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Table 7.1. Etample of the spirometric data of a 52 yr old female patiem with a height of 1.52 111 and a 
weight of 57 kg. 
% Ref. R#erence SD Ref . 
• 
TLC (1) 3.40 80 * 4.24 0.60 
FRC (I) 2.01 82 2.46 0.50 
(FRCITLC)*I00 (%) 59 111 I 53 6 
RV . (I) 1.19 75 * U8 0.35 
(RVmC)*IOO (%) 35 96 36 6 
VC in~p. (I) 2.21 87 .... 2.56 ' . 0.4.2 .. 
(VcmC)*lOo (%) . . 65 
. 
. 
. 
. 
FEV, (I) 1.52 72 * 2.10 0.38 
(I'EV,NC)*IOO (%) 69 87 * 79 
.. 7 .. , 
* Between 1 and 2 SD from reference. ** More thall 2 SD from predicted mean. 
Table 7.2. Emil/pte of the data for the diffusillg capacity of the patieJ/t of table 7.1. 
Actual % Ref. Reference ~~f. ·11 value 
TLC(sb) (I) J.l1 75 * 4.24 (l.60 
TLC(sb)ITLC(splr) 0.93 , 
VC(sb) 
. (I) .. . ... 2.18 I 
., 
.. 
VC(Sb)NC(spir) .. 0.99 
. .. 
DlCO (Ifmol.s·',kPa· l) ··62.1 ·52 ** Il9,4<JO ' I 19.0 
D,,,,( + Hb cor) (Jlmoi~s-'.kPa·') 66.3 , 56 ** 1l9.4 <JO 19.0 
Dw/VA(+Hb cor) (pmOLs·l.kPa-I .l"') 21.8 96 22.66 <JO 3.4 
]),eoiYA(+Hb cor) (pmoLs".1 ~kPa·'.I·l) 21.8 75 * 28,969 3.63 
Hb (rumo!.)·') . 7.1 86 . 8.3 
. 
* Between 1 and 2 SD from reference; ** More tllall 2 SD from predicted meall; 0 Reference mlue at the 
parielll's reference ne,' \( Referellce mIlle at the patiellf 's actual ne. 
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We developed the rebreathing method at normal breathing to estimate diffusing capacity in 
patients who are not able to perform hyperventilation or a satisfactory vital capacity. The 
ECCS [1] recommended not to use the rebreathing method during hyperventilation for 
routine use, because it can be tedious and the results are not interchangeable with those of 
the breathholding procedure. Although the absolute values of single breath and rebreathing 
diffusing capacity are different, the results relative to the corresponding reference values 
appeared to be comparable, even in patients with unequal ventilation. Our results (Chapter 
5) imply that the single breath method is not superior to the rebreathing procedure in this 
respect. 
Our procedure based on normal breathing is not tedious, and can even be performed by 
severely ill patients and very young children. In many patients single breath diffusing 
capacity is measured several times a year for many years to follow up the progress of 
their disease or to study effects of medication. An example is given in Fig. 7.1. The 
changes in DLCO relative to DLCO predicted at reference TLC result both from restriction 
and impairment of diffusion at the level of the alveolar capillary membrane (solid line). 
The course in DLco/V A relative to DLco/V A reference values at a volume level equal to the 
disease limited TLC indicates the impairment at alveolar capillary level (solid line). If in 
this example single breath DLcolV A had been compared to the predicted values at reference 
TLC, DLCOIV A would have been normal (about 90 % of reference, dotted line), but 
comparison with the reference value at the patient's actual TLC obviously indicates a 
decreased gas transfer. If severely ill patients cannot perform the single breath procedure 
anymore, follow up can be continued by using the rebreathing procedure. In our example 
the last two measurements have been performed with the rebreathing method (dashed 
line). Rebreathing DLcolV A was compared with reference values (chapter 5), which 
contain VA as a parameter. The single breath values represent the percentage of the 
volume dependent references (solid line). The relative values of both methods are about 
the same. A reference value of rebreathing DLCO would contain actual V A as a parameter 
leading to an underestimation of decrease in total DLCO ' 
Relevance to paediatric pullllonology. 
The past 2 to 3 years the estimation of the diffusion indexes became increasingly impor-
tant in the paediatric pulmonology department of our hospital to diagnose interstitial auto-
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immune disorders of the alveolar capillary membrane and to follow up effects of medicati-
on. Before that time lung function measurements were only possible in children older than 
6 years of age, and the relatively difficult single breath method lVas problematic or 
impossible in the younger children. The availability of reference values for children at all 
alveolar volumes makes a single breath procedure, with vital capacity maneuver unneces-
sary, because at any volume DLco/V A can be compared with reference values [2, 3]. 
Furthermore, with the rebreathing teclutique at resting ventilation (chapter 5) it is proved 
possible to estimate the diffusion indexes in children between 2 and 6 years of age. A 
potential application of the rebreathing technique is the detennination of the diffusion 
indexes in small children with interstitial autoimmune disorders or lung disease induced by 
treatment for malignancies to follow up the progress of the disorder, and to study the 
effects of medication. Thus in the paediatric department the single breath and rebreathing 
diffusing capacity became an important index for following up the negative side effects of 
bleomycin in the chemotherapeutic regimen of young children. 
Relevance to Intensive Care. 
The assessment of lung function in the intensive care unit is often limited to the measure-
ment of arterial blood gas tensions. Only a few attempts have been described in which 
measurements of lung function, commonly applied to ambulatory patients, have been 
performed in critically ill patients. Recently McNaughton et al. [4] measured DLco, 
DLcolV A and FRC in ARDS patients, who were artificially ventilated. They used a 
rebreathing method and hyperventilated their patients moderately (15 Imin·'). They 
concluded that in these patients DLCO and DLcolV A, but not FRC, appeared to differentiate 
survivors from nonsurvivors. \Ve recently modified our equipment for the measurement of 
the rebreathing diffusing capacity so, that it is applicable during mechanical ventilation 
without changing the ventilatory mode. In a pilot study we performed measurements of the 
rebreathing diffusing capacity in nomlal volunteers during mechanical ventilation. The 
preliminary results confirm that this technique can be used during mechanical ventilation. 
Studies in critically ill patients will be needed to answer the question whether DLco and 
DLCO/V A obtained in this way will be useful indicators of treatment and prognosis. 
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Chapler] 
The diffusing capacity for CO, DLco, gives information on changes in effective surface 
area and barrier thickness of the pulmonary gas-blood barrier and capillary blood volume. 
Because surface area is directly related to volume, diffusing capacity will depend on 
alveolar volume. As a consequence the single breath diffusing capacity, which is usually 
detemlined at TLC, is not comparable with a diffusing capacity determined at a lower 
volume level. The effect of alveolar volume on DLco and DLco per liter lung volume and 
its consequences for the evaluation of patients is addressed in the chapters 2-4. The single 
breath, the steady state and the rebreathing methods to estimate DLCO are discussed as an 
introduction to chapter 5, in which the development of a rebreathing method during 
resting ventilation is presented. Because in severely ill patients measurements in the sitting 
position are not always possible, we studied the effect of the supine position on DLco and 
DLco per liter lung volume. This is described in chapter 6, where we also separated the 
diffusing capacity in its components: the membrane conductance Dm and the effective 
capillary blood volume Q,. 
Chapler 2 
In this study we determined reference values of DLco, i.e. total diffusing capacity for 
carbon monoxide, and DLco per liter alveolar volume (DLcoN A) at TLC and at lung 
volumes below TLC in sitting position. In 55 healthy nonsmoking volunteers (20-85 yr 
old), we determined reference values at TLC level in which age was the only parameter. 
In a subgroup (n= 16) these predictions did not change by correcting for normal variability 
in hemoglobin concentration. In all volunteers DLCO decreased and DLco/V A increased with 
decreasing VA' The increase in DLCONA was linear, and smallest in older subjects. We 
derived equations to calculate reference values of DLco/V A for lung volumes at and below 
TLC with two methods: 1) the "Random coefficients linear" model (RCL), which predicts 
the reference values directly and 2) a conversion method which predicts DLcoN A for 
lower VA levels from reference values at TLC. An advantage of the conversion method is 
the suitability of DLcoN A reference values at TLC of other populations. A disadvantage is 
the greater standard deviation of these reference values compared with those obtained 
with the RCL method. DLco can be found by multiplying DLcoN A with VA-
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Chapter 3 
In normal adults the diffusing capacity normalized per liter of alveolar volume (DLeolV A), 
decreases, whereas total diffusing capacity (OLeo) increases if alveolar volume (VA) 
increases. We studied these relationships in a group of normal children below 20 years of 
age. Diffusion variables were determined using the single breath technique. The effects of 
sex, age and height on these relationships were estimated. OLeo was higher and DLeolV A 
was lower at larger alveolar volume. OLeo and DLCfJV A reference values at TLC appeared 
to be comparable with reference values at TLC published in the literature. Reference 
values of DLCO and DLco/V A derived from measurements at various alveolar volumes also 
predict similar values at TLC. The advantage of our reference equations is the applicabili-
ty to patients with a restrictive lung disease. Actual DLCOIV A can be compared with 
reference DLcofV A at actual (restrictive) TLC instead of reference DLcofV A at reference 
TLC. This comparison extends the evaluation of a diffusion disorder. 
Chapter 4 
In patients with a restrictive lung disease we detennined DLCO and DLcofV A for comparison 
with the reference values determined at their disease limited TLC as well as at their 
predicted TLC. We hypothesized that a volume restriction due to disease has a similar 
effect on the diffusion indexes as a voluntary volume reduction in normal volunteers, 
implying an increase in DLCOIV A at the decreased TLC. As a consequence a decreased 
DLCOIV A in such patient should be compared with a reference DLeo/V A at the disease 
limited TLC. To test this hypothesis, we studied the volume dependence of the diffusion 
indexes in a group of thirteen patients, who developed a diffusion disorder in combination 
with a volume restriction in a short period of time due to treatment with bleomycin. In the 
majority of these patients the DLCOIVA VS. VA relationship shifted downwards during 
therapy, while the negative slope was not changed. This decrease in level illustrated the 
development of a decreased CO transfer at the level of the alveolar to capillary membra-
ne. Seven of these patients also developed a volume restriction. We found that in these 
patients voluntary changes in lung volume caused the same changes in DLco/V A as in 
normal volunteers. The OLeo VS. V A relationship, which can be described by a second 
order polynomial. is also . decreased due to the bleomycin regimen. In patients, who 
developed a volume restriction, DLCO decreased due to the restriction as well as due to a 
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diffusion disorder at alveolar capillary level. The volume decrease by the restrictive 
disease had a similar effect as voluntary volume decrease. Consequently, comparing 
DLCOiV A at a patient's lower TLC to reference DLcoiV A at his reference TLC will imply 
an underestimation of a diffusion disorder. The change in DLCO reflects both an effect by 
restriction and an effect by alveolar capillary disorder, when compared with reference 
DLCO at reference or pretreatment TLC. 
Chapler 5 
The diffusing capacity of carbon monoxide (DLCO) and its value normalized to alveolar 
volume (DLCOiV A) are usually estimated with the single breath method at TLC. Severely ill 
patients and small children are not able to deliver a satisfactory vital capacity (VC) or to 
hold their breath for 10 seconds at TLC. The aim of this study was to develope a 
rebreathing procedure, in which diffusing capacity can be determined during spontaneous 
breathing. The conventional rebreathing method during hyperventilation was modified in 
such away, that rebreathing volume and gas concentrations were kept constant by CO, 
absorption and 0, supplementation.ln healthy volunteers and in patients the diffusion 
indexes obtained with this rebreathing method during rest ventilation, were compared with 
those of the single breath method. DLCOiV A decreased with alveolar volume (V A) and 
increased with alveolar ventilation (VA') in children and adults. At VA' above 35 Imino' 
rebreathing DLco/V A was similar to single breath DLco/V A at a similar alveolar volume. 
Reference values of rebreathing DLcoiVA for both children and adults were determined. 
The DLco/V A relative to their corresponding reference values were the same for both 
methods in patients irrespective of ventilation distribution disturbances. The diffusing 
capacity obtained with the rebreathing method at rest ventilation can serve as a valuable 
index to evaluate a diffusion disorder. 
Chapler 6 
Nonnal subjects have a larger diffusing capacity normalized per liter alveolar volume 
(DLcoiVA ) in the supine than in the sitting position. Body position changes total lung 
diffusing capacity (DLCO)' DLcoiVA , membrane conductance (Dm), and effective pulmonary 
capillary blood volume (QJ as a function of alveolar volume (VA)' These functions were 
studied in 37 healthy volunteers. 
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DLCO/V A VS. VA yields a linear relationship in sitting as well as in supine position. Both 
have a negative slope, but usually do not run parallel. In normal subjects up to 50 years 
DLeo/V A and DLCO increased significantly when subjects moved from a sitting to a supine 
posture at volumes between 50% and 100% of total lung capacity (TLC). In subjects > 
50 yr old the resporues of DLcolV A and DLCO to change in body position were not 
significant at TLC. Functional residual capacity (FRC) decreases and DLcolV A increases in 
all normal subjects when they change position from sitting to supine. When DLcolV A 
increases more than predicted from the DLco/V A vs. VA relationship in a sitting position 
we may infer an increase in effective Qc in the supine position. In 56% of volunteers, 
supine DLCO was smaller than sitting DLCO despite a higher DLcolV A at FRC in the supine 
position because of the relatively larger decrease in FRC. 
When the positional resporue at TLC is studied, an estimation obtained accidentally at a 
volume lower than TLC may influence results. Above 80% of TLC, Dm decreased 
significantly from sitting to supine. Below this lung volume the decrease was not signifi-
cant. 
The relationship between capillary blood volume Q, and V A was best described by a 
second-order polynomial characterized by a maximum Q, at a VA> 60% of TLC. Q, was 
significantly higher in the supine position than in the sitting position, but the difference 
became smaller with increasing age. In observing the sitting and supine positions we saw a 
decrease in maximum Qc nOlmalized per m2 body surface area with age. 
Chapter 7 
In this chapter the conclusions, clinical applications and consequences for our pulmonary 
function laboratory are considered. 
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Hoo/dstuk 1 
De diffusiecapaciteit van de long vaal' koolmonoxide, DLCO' geeft infOlmatie over het 
transport van koolmonoxide gas (CO) uit de lueht in de longblaasjes naar het bloed in de 
longeapillairen. Dit transport is at11ankelijk van het oppervlak en de dikte van de sehei-
dingswand tussen longenlucht en het bloed, en de hoeveelheid bloed in de longcapillairen. 
Daar het oppervlak direct gerelateerd is aan het !ongvolume, hangt de diffusiecapaciteit af 
van het longvolume waarbij gemeten wordt. Dit betekent, dat bepalingen van de DLco , die 
uitgevoerd worden bij een longvolume kleiner dan TLC niet vergelijkbaar zijn met 
bepalingen die wei bij TLC worden uitgevoerd. TLC is de totale longcapaciteit, dit is het 
longvolume 11a maximale inademing. Ben in de kliniek veel gebruikte methode om de 
DLCO te bepalen is de "single breath" methode. Dit is een methode, waarbij men een 
maximale teug lucht inademt, waaraan een geringe hoeveelheid CO is toegevoegd. Na 10 
seconden adem inhouden blaast men vervolgens ver uit. Deze flsingle breath" methode 
geeft de best reproduceerbare resultaten. De patient moet weI in staat zijn om 10 seconden 
de adem in te houden en minimaal een volume van 1,5 liter uit te ademen. Bij een deel 
van de patienten met een longafwijking verkleint het longvolume ten gevolge van hun 
ziekte (volumerestrietie). Daar deze groep niet meer op hun normale TLC niveau 
onderzoeht kan worden, is een belangrijke vraag welke invloed de longvolumeverminde-
ring op de gasoverdraeht heeft. De onderzoekingen, die hierop betrekking hebben, worden 
in de hoofdstukken 2-4 beschreven. 
Vaar ernstig zieke patienten en kinderen bestaan andere methoden: 1) de "steady state" 
methode, waarbij de patient rustig inademt uit een reservoir en uitademt naar een mengvat 
en 2) een Hrebreathing" methode, waarbij de patient moet hyperventileren in een gesloten 
systeem. De resultaten van beide methoden zijn niet identiek en niet gelijk aan die van de 
"single breath" methode. Wij hebben een "rebreathing" techniek ontwikkeld, waarbij 
tijdens lUst ademhaling gemeten wordt in een gesloten systeem. In hoofdstuk 5 wordt deze 
methode vergeleken met de "single breath" methode. 
Omdat ernstig zieke patienten niet altijd in de zittende houding gemeten kunnen worden, is 
in hoofdstuk 6 de diffusiecapaeiteit in liggende houding vergeleken met die in zittende 
positie. 
Samenvatlillg 143 
Hoo!ds(uk 2 
Bij 55 normale vrijwilligers tussen 20 en 85 jaar werden in zittende positie referentiewaar-
den voor DLeo en DLeo per liter alveolair volume (VA)' DLeolV A, bepaald zowel op TLC 
niveau als bij longvolumes kleiner dan TLC. Bij de referentiewaarden op TLC niveau 
bleek de leeftijd de enige voorspellende grootheid te zijn. In een groep van 16 vrijwilli-
gel'S werd het effect van een correctie voor de normale variabiliteit van het hemoglobine-
gehalte op de referentiewaarden voor de diffusiecapaciteit onderzocht. De referentieverge-
lijkingen van de diffusievariabelen bleken niet significant te veranderen, indien de Hb-
correctie werd doorgevoerd, waarschijnlijk doordat de normale verdeling in de Hb-
concentratie gemiddeld tot evenveel positieve als negatieve correcties van de diffusiecapa-
citeit aanleiding gaf. 
In aile vrijwilligers daalde DLeo en steeg DLeolV A als het alveolaire volume afnam. 
DLeolV A bleek lineair toe te nemen bij afname van VA. De helling van deze lineaire relatie 
verminderde met de leeftijd. Er werden vergelijkingen opgesteld tel' berekening van 
referentiewaarden voor DLco/V A, zowel op TLC niveau als voor longvolumes kleiner dan 
TLC. Er zijn twee methoden gevolgd: 
1) de methode met het "Random coefficienten lineaire" model (RCL), waarbij de referen-
tiewaarden op aBe longvolumes direct berekend werden en 2) de tlConversie" methode, 
waarbij de referentiewaarden van DLco/V A voor een lager longvolume berekend werden uit 
reeds bekende referentiewaarden op TLC niveau. In het "RCL" model daalt DLeolVA niet 
aileen lineair met de leeftijd en VA> maar ook bevat dit model een interactieterm tussen de 
leeftijd en V A' De "Conversie" methode is gebaseerd op een lineaire leeftijdsafbankelijke 
conversie, waarbij het longvolume als fractie van de referentie TLC en een Jeeftljdsafban-
kelijke DLCOIV A referentiewaarde bij referentie TLC gebruikt worden. Een voordeel van 
de tlConversie" methode is dat men DLco/V A referentiewaarden bij TLC van andere 
populaties kan gebruiken. Een nadeel is de grotere standaard deviatie in vergelijking met 
de RCL methode. Referentiewaarden voor DLeo kunnen bepaald worden door de DLeo/V A 
referentiewaarde op een bepaald VA niveau te vermenigvuldigen met dit volume. 
Hoo!ds(uk 3 
Omdat onder de 20 jaar genoemde relaties tussen DLeolV A en VA belnvloed kunnen 
worden door het groeiproces, zijn de resultaten voor volwassenen met geextrapoJeerd naar 
144 Chapter 9 
jongere leeftijden. In een apart onderzoek werd de afhankelijkheid van leeftijd, geslacht en 
lengte voar de relaties DLCO vs VA en DLCO/V A VS VA bepaald. De referentiewaarden 
bleken afhankelijk te zijn van V A en de lengte. De leeftijd bleek geen invloed te hebben. 
Aan de hand van een voorbeeld werden de consequenties van het gebruik van de volume 
afhankelijke referentiewaarden voor de diffusievariabelen duidelijk gemaakt. In een 
Appendix werd toegelicht, waardoor de lengte een belangrijke factor is in de beschreven 
regressievergelijkingen. 
Hoo/ds/uk 4 
Tot nu werd het effect van longvolume vermindering bij normalen onderzocht door het 
vrijwillig ademinhouden bij een lager longvolume dan TLC. Het is echter de vraag in 
hoeverre cen vrijwillige longvolume vennindering in normalen vergelijkbaar is met een 
vermindering ten gevolge van een longafwijking in patienten. Bovendien stelden wij oos 
de vraag, of bij patienten met een restrictieve longfunktie de DLcolV A vergeleken moet 
worden met cen referentiewaarde die geldt voar de door ziekte venninderde TLC dan weI 
met de referentiewaarde die geldt voor de referentiewaarde van TLC. Om deze vraag te 
beantwoorden werden bij 13 volwassen patienten, die bleomycine als onderdeel van een 
chemotherapeutische behandeling van cen carcinoom ontvingen, de relatie tussen DLco/V A 
en VA voor, tijdens en na deze kuur bepaald. De DLCOIV A vs VA relaties bleken lineair te 
zijn en de hellingen veranderden niet ten gevolge van de chemotherapie. De daling van 
DLcolV A werd geillustreerd door de niveauvelmindering van de gehele DLCOIV A vs VA 
relatie. Bij de patienten die cen volumerestrictie ontwikkelden was de niveauvennindering 
van de gehele relatie gelijk aan de vermindering van DLcolV A ten opzichte van de 
uitgangswaarde bij een longvolume gelijk aan de verminderde TLC. 
Wij concludeerden, dat bij patienten met een restrictie van het longvolume door een 
behandeling met bleomycine, de vergelijking van de DLcolV A bij de verlaagde TLC na 
chemotherapie met een uitgangswaarde van de DLcolV A bij de TLC voor de behandeling, 
kan leiden tot een onderschatting van de DLCOIV A verandering. Om informatie te verkrij-
gen over een eventuele diffusieafwijking op alveolocapillair niveau adviseren wij dan ook 
om bij patienten met een restrictieve longfunktie de DLcolV A te vergelijken met DLcolV A 
referentiewaarden. die bepaald zijn op een vergelijkbaar volumeniveau. 
De totale DLco vergelijken wij echter met de referentiewaarden van de DLco op referentie 
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TLC, daar deze waarde zowel informatie geeft over de vermindering van de diffusie 
zowel tengevolge van de diffusiestoornis als van de volumevennindering. 
Hoolds/uk 5 
Ernstig zieke patienten en kleine kinderen zijn vaak niet in staat om de "single breath" 
methode te volbrengen, omdat of de VC te klein is of omdat ze niet in staat zijn 10 s de 
adem op TLC niveau in te houden. Daarom is de "rebreathing" methode ontwikkeld, 
waarbij tijdens rustademhaling gemeten wordt, terwijl de geproduceerde CO, weggevan-
gen en de geconsumeerde 0, toegevoegd wordt. Wij hebben deze methode vergeleken met 
de "single breath" methode. In normalen bij een alveolaire ventilatie (VA') die groter is 
dan 35 I.min+J bleken de waarden van de "rebreathingl! en "single breath" DLco/V A iden-
tiek te zijn. Bij een kleinere alveolaire ventilatie bIeek de waarde van de I!rebreathing" 
DLCOIVA k1einer te zijn dan die gemeten werd met de "single breath" methode. Om de 
referentiewaarden van de rebreathing methode aan te passen aan het ademhalingspatroon 
van de patient werd de alveolaire ventilatie opgenomen als voorspeller van DLcolV A' We 
hebben referentiewaarden voor zowel kinderen als volwassenen bepaald. Evenals bij de 
"single breath" methode bleken bij de volwassenen VA en de leeftijd en bij de kinderen VA 
en de Iengte parameters in de regressievergelijkingen te zijn. De "rebreathing" en nsingle 
breath" methode bleken vergelijkbaar te zijn, wanneer ze uitgedrukt worden als percentage 
van de corresponderende referentiewaarde. De absolute uitkomsten van beide methoden 
kunnen echter verschillen door de invloed van VA en VA' 
Bij patienten met en zonder ventilatie ongelijkmatigheid bleken relatieve veranderingen in 
de diffusie-indices bepaald met de "single breath" en bepaald met de "rebreathing" 
methode overeenkomstige waarden te geven. 
Hoolds(uk 6 
De longen zijn in verticale stand ongelijkmatig doorbloed tengevolge van hydrostatische 
drukverschillen tussen top en basis. In liggende positie zijn deze hydrostatische drukver-
schillen kleiner en worden de longen gelijkmatiger doorbloed. Dit is de reden dat gezonde 
proefpersonen in liggende positie een grotere DLcolV A hebben in vergelijking met de 
zittende positie. Het ontbreken van een dergelijk verschil bij houdingsverandering werd 
vaak beschouwd als een indicatie voor pulmonale hypertensie of stuwing. Bij 37 gezonde 
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vrijwilligers is het effect van houdingsverandering op de rctatic tussen V A en respectieve-
lijk DlCO • DLco/V A. de membraan conductantie Dm. en het effectieve capillaire bloed 
volume Qc onderzocht. De relaties tussen DLco/V A en VA bleken zowel in zittende als 
liggende positie lineair te zijn met cen negatieve helling, maar ze bleken meestal niet 
parallel te lopen. Bij de gezonde vrijwilligers tot 50 jaar bleken de relaties tussen 
achtereenvolgens DLCD en DLco/V A en VA in de liggende positie op cen hoger niveau te 
liggen vergeleken met de zittende positie. Bij de ouderen boven de 50 jaar bleek de reactie 
in deze variabelen op houdingsverandering bij TLC niet significant te zijn. Bij aile 
gezonden bleek de FRC af en DLCOIV A toe te nemen bij verandering van zittende naar 
liggende positie. Wij concludeerden, dat aileen wanneer DLcolV A meer toeneernt dan de 
toename vOlgens de DLco/V A versus VA rcIatic in zittende positie gesproken kan worden 
van cen toename van het effectieve capillaire bioed volume in liggende positie. Ondanks 
een grotere DLCOIV A op FRC niveau in de liggende positie bleek in 56% van de proefper-
sonen de DLCO in liggende positie kleiner te zijn dan in de zittende positie, door de relatief 
grotere dating in FRC. Als men de verandering van DLco/V A op houdingsverandering 
onderzoekt met de "single breath" methode op TLC niveau, zullen metingen, die ongewild 
op iets lager niveau dan TLC worden uitgevoerd, de mate van verandering aanzienlijk 
beinvloeden. Boven 80% van de TLC bleek Dm significant te dalen bij verandering van 
zittende naar liggende positie, maar bij lagere longvolumes b1eek de daling niet significant 
te zijn. 
De relatie tussen Q, en VA bleek het best te beschrijven te zijn door een tweedegraads 
polynoom met een maximum bij een alveolair volume boven 60% van de TLC. In 
liggende positie bleek Q, significant groter te zijn dan in zittende posit ie, maar het verschil 
werd kleiner met toenemende leeftijd. Zowel in zittende als in liggende positie b1eek het 
maximale effectieve capillaire bloed volume, QC,ffiM' per m2 lichaamsopperviak af te nemen 
met de leeftijd. Wij concludeerden, dat het bestuderen van de reactie van de diffusie-
indices op houdingsverandering, indien op cen longvolumeniveau bepaald, twijfeJachtig is, 
omdat de DLco/V A versus VA relaties niet evenwijdig lopen en FRC oak verandert bij 
verandering in lichaamspositie. Bovendien bleek een reactie van de diffusie-indices op 
houdingsverandering afllankelijk te zijn van de leeftijd. Wij adviseren, bij de bestudering 
van de reactie van de diffusie-indices op houdingsverandering, de verandering van de 
totale relatie tussen DLCOIV A en VA te bestuderen. 
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HooJdstllk 7 
In dit hoofdstuk worden de conclusies samengevat en enige klinische toepassingen en 
consequenties voor het longfunktie Iaboratorium besproken. 
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